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ABSTRACT
PHOMOPSIS STEM CANKER OF SUNFLOWER (HELIANTHUS ANNUUS L.):
ETIOLOGY AND EPIDEMIOLOGICAL CONDITIONS AFFECTING ENDOPHYTIC
POPULATION OF DIAPORTHE SPP., AND FUNGICIDE EFFICACY
NABIN KUMAR DANGAL
2022
Phomopsis stem canker (PSC), caused by species of Diaporthe, is a major disease
of sunflower (Helianthus annuus L.) in the U.S., which can cause yield loss over 40%.
The disease prevalence increased since 2010 in the major sunflower producing U.S.
states of Nebraska, Minnesota, North Dakota, and South Dakota. Previous studies on
the use of foliar fungicides in managing Phomopsis stem canker indicated mixed
results on their efficacy in disease reduction and yield gain. Additionally, we do not
have sufficient information on asymptomatic colonization by endophytic Diaporthe on
sunflower tissue and how foliar fungicide and weather parameters affect the prevalence
and diversity of Diaporthe and other fungi. Therefore, these objectives were developed
to (1) study the diversity of endophytic fungi and association of endophytic
Diaporthe with weather variables; (2) assess the effect of QoI fungicide on
endophytic fungal community in sunflower; and (3) assess the fungicides for
management of PSC in sunflower and profitability of fungicide application.
Field trials were conducted in Nebraska, North Dakota, and South Dakota from
2019 to 2021 to determine the presence of endophytic Diaporthe in
asymptomatic sunflower plants at different growth stages. Sunflower hybrids that were
susceptible to causal fungi of PSC were planted in eight large plots in each location.
Plants were sampled

xvii
at two to three weeks after planting at V2-V4 (two to four leaves) stage from each plot and
repeated twice at every two to three weeks until flowering stage. A culture-dependent
characterization method was used to identify endophytic fungal community. Putative
fungal isolates were identified by morphological characteristics, sequencing of the internal
transcribed spacer (ITS) genes or the translation elongation factor 1-alpha (EF1-𝛼) genes,
and the quantitative polymerase chain reaction (qPCR) assays. A total of 2174 fungal
isolates belonging to 17 genera were recovered where Alternaria had the highest frequency
of isolation (57.7%). Relative importance for Fusarium and Diaporthe were 40.5% and
6.31%, respectively. Endophytic Diaporthe (D. helianthi, D. gulyae, D. longicolla and D.
caulivora) was identified from V2 to flowering stage of sunflower. To identify the
association of weather variables with the prevalence of endophytic Diaporthe, a binary
logistic regression model was developed using weather variables (temperature, relative
humidity, precipitation) as predictors and presence of endophytic Diaporthe as response
variable. The number of precipitation days during 30 days prior to sampling showed
significant association with the presence of endophytic Diaporthe in sunflower.
Greenhouse experiments were conducted to assess the aggressiveness of two randomly
selected endophytic isolates each of D. helianthi, D. gulyae, D. longicolla and D. caulivora
on a susceptible sunflower hybrid along with a non-inoculated control. A single mycelial
plug of freshly prepared cultures of the isolates was inoculated at internode of stem using
the mycelial contact inoculation method and stem-wound inoculation method. PSC
severity was scored using a 0-5 rating scale 20 days after inoculation (DAI). A significant
isolate by inoculation method interaction was observed for D. helianthi (P = 0.03) and D.
gulyae (P = 0.03). Isolate DIA-190 and DIA-205 of D. gulyae and isolate DIA-178 of D.
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helianthi had significantly lower relative treatments effect (RTE) in mycelium contact
method than the stem wound method but isolate DIA-177 of D. helianthi did not differ in
RTE between the inoculation methods. A significant effect of inoculation methods (P <
0.001) was observed to affect the RTE for D. longicolla and D. caulivora. The RTE for
stem-wound method was significantly greater than that of the mycelial contact method for
D. longicolla and D. caulivora. This indicated that the PSC symptom development is
impacted by the inoculation methods. Re-isolation of D. helianthi and D. gulyae from stem
tissue near inoculation point for both methods proved that the endophytic Diaporthe have
potential to cause PSC under controlled conditions. However, re-isolation of D. longicolla
(in both methods) and D. caulivora (in mycelium contact method) was not successful to
complete the Koch’s postulate.
During 2019 to 2021, field trials were conducted in Nebraska, North Dakota, and
South Dakota to study the effect of a quinone outside inhibitor (QoI) fungicide on a
diversity of endophytic fungi in sunflower. Trials were conducted in a randomized
complete block design with four replications and the effect of pyraclostrobin, a QoI
fungicide, was compared with non-treated control (NTC). The pyraclostrobin fungicide
was sprayed at R1 (miniature floral bud initiation) growth stage of sunflower at an
application rate of 438.5 ml/ha. Stem samples were collected two to three weeks after
fungicide application and endophytic fungi were isolated by culture dependent method.
Putative fungal isolates were identified by morphological characteristics, sequencing of
ITS or EF1-𝛼 gene region and the qPCR assays. Alternaria was dominant in both
Pyraclostrobin treatment and NTC. Overall relative importance (RI) for Diaporthe and
Fusarium was 4.1% and 18.3% in NTC but 3.2% and 27.5% in pyraclostrobin application,
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respectively. Application of pyraclostrobin did not show significant effect on prevalence
of endophytic Alternaria, Fusarium and Diaporthe in sunflower.
Field trials were conducted from 2009 to 2020 in Minnesota, Nebraska, North
Dakota, and South Dakota to evaluate the effect of foliar fungicides on PSC and yield of
sunflower. A total of 49 location-years were analyzed using non-linear regression to
determine the effect of PSC severity index (DSI) on yield where a four-parameter logistic
model described the yield loss with increase in DSI. The model indicated 10% increase in
DSI can cause yield reduction up to 440 kg ha-1. Further, meta-analysis was conducted to
evaluate the effect of six fungicide groups against PSC, when compared with no-fungicide
control (NTC). Effect sizes corresponding to DSI and yield (Cohen’s f or Hedges’s g) were
expressed in standard deviation units between the fungicide and NTC treatments. Pooled
Cohen’s f for DSI (f= -0.35) and yield (f= 0.35) indicated that fungicides had a significant
effect on DSI reduction and yield gain compared to NTC (p<0.0001). Among the fungicide
groups, QoI [DSI (g=-0.47) and yield (g = 0.41)] and QoI+DMI+SDHI [DSI (g=-0.79)
and yield (g=0.94)] outperformed NTC for DSI redaction and yield gain. Using the grain
price of sunflower for 2020, the potential net return for a single application of QoI
(specifically pyraclostrobin) fungicide was estimated as $99.6/ha and $80.1/ha for the oiltype and non-oil type hybrids.
Our study revealed that species of Diaporthe can live as endophytes in sunflower
which have potential to cause PSC under favorable environment and foliar application of
pyraclostrobin fungicide in sunflower did not affect the prevalence of endophytic
Alternaria, Diaporthe and Fusarium. So, it is important to develop and plant sunflower
hybrids that are resistant to the fungi. Based on significant disease reduction and yield gain,
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our study suggests that the use of QoI fungicides can help manage PSC and is likely to be
profitable if the farmers were to adopt QoI fungicides as part of their integrated pest
management (IPM) program.
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CHAPTER 1
Literature Review
1.1 Introduction
1.1.1 Sunflower (Helianthus annuus L.)
Cultivated sunflower (Helianthus annuus L.) belongs to the plant family
Asteraceae and is a popular oilseed crop in the world. It has an unbranched stem ranging
from 50 to more than 500 cm in height and one to ten centimeters in diameter (Seiler 1997).
However, the average height of sunflower varieties commonly grown in the United States
vary from 160 to 180 cm (Skoric 1988). Leaves of sunflower are large, wide, pubescent
and arranged opposite in alternate pairs (Seiler 1997). It has a deep tap root (up to 2 m
length) and several lateral roots. The flower head (inflorescence) consists of outer ray
flowers and inner disc flowers. The colorful ray florets attract insects for pollination and
disc flowers contains both pistils and stamen where seed development takes place after
pollination and fertilization.
In the United States, two types of sunflowers are cultivated; the oilseed type, which
is cultivated for vegetable oil and meal, and the non-oilseed type (also known as
confectionery), which is produced for human food and bird feed. Typically, seeds of
oilseed hybrids are smaller than the non-oilseed hybrids. However, oilseed hybrids are rich
in fatty acids, mainly, linoleic, mid-oleic (NuSun) or high oleic. They generally produce
black seeds, containing 38 to 50% oil and around 20% protein, with a thin hull adhering to
the kernel. In contrast, seeds of non-oilseed have a thicker hull but have lower oil content
(Berglund 2007).
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1.1.2 History of sunflower
Sunflower is a native crop of North America, and the first cultivation was started
around 4000 BC (Radanović et al. 2018; Seiler et al. 2017). Native Americans were the
early people who used sunflower as food (Berglund 2007). After colonization, Spanish
explorers brought seeds from America and popularized sunflower as a garden flower in
Spain. Following this, sunflower was introduced into England and France. Later it spread
to Italy, Egypt, Afghanistan, India, China, and Russia. Sunflower was popularized as a
major oilseed in Russia and then Europe (Berglund 2007). At present, sunflower has
become one of the most important oil crops in the world (Radanović et al. 2018).
1.1.3 Production of sunflower
Sunflower ranks as a major source of oil from plant origin (Berglund 2007).
Although the crop originated in North America, Russia (Former Soviet Union) was the first
country to begin commercial production of sunflower. Development and cultivation of
modern high-yielding varieties and hybrids expanded the sunflower production (Berglund
2007). The total production of sunflower increased in the past decades and reached 57.26
million metric tons during 2021 in the world and Ukraine, Russia, European Union,
Agrentina and Turkey are the major producers (USDA-FAS 2022).
In the United States, non-oilseed type of sunflower was dominant until 1966, after
which the oilseed sunflower production increased significantly contributing to the
country’s economy (Berglund 2007). In 2021, the total number of sunflower acres
harvested in the United States was 503.3 thousand hectares that produced 787.37 thousand
tons of oilseed and 75.8 thousand tons of non-oilseed sunflower (USDA-NASS 2022a).
The total value of sunflower crop during 2021 was 594.9 million dollars (USDA-NASS
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2022b), which includes oil ($545.368 million) and non-oil ($49.528 million) types. In
2021, South Dakota led the nation with sunflower production (371.3 thousand tons), which
was followed by North Dakota (345.9 thousand tons) (USDA-NASS 2022a). Minnesota,
California, Colorado, Kansas, Nebraska, and Texas were the other major sunflowerproducing states during 2021. Although the domestic consumption is increasing, most
sunflower products are exported from the United States (Berglund 2007).
1.1.4 Growth stages of sunflower
Various growth and development stages of sunflower are described by dividing into
vegetative (V) and reproductive (R) stages (Schneiter and Miller 1981). The vegetative
growth stages are further classified into emergence and true leaf (≥ 4 cm) stages. Similarly,
the reproductive growth stages are further divided into nine growth stages, which extend
from terminal flower bud initiation to physiological maturity (Table 1.1). Because of the
easiness, accuracy and consistency, this system is commonly used by researchers and
farmers today for pesticide spraying, fertilizer application and other cultural operations.
Table 1.1. Explanation of different growth stages of sunflower (Schneiter and Miller
1981)
Growth stages of
sunflower development
Vegetative emergence
(VE)
Vegetative Stages (V1,
V2, V3, V4…etc.)
Reproductive stage
(R1)
R2
R3

Description
Emergence of seedling and the first true leaf blade beyond the
cotyledons is less than 4 cm long.
Determined by counting the number of true leaves at least 4
cm in length beginning as V1, V2, V3, V4, etc.
Terminal bud forms a miniature floral head rather than a
cluster of leaves. When viewed from directly above, the
immature bracts form a many-pointed star-like appearance.
The immature bud elongates 0.2 to 2.0 cm above the nearest
leaf attached to the stem.
The immature bud elongates to a distance more than 2.0 cm
above the nearest leaf.

4
R4
R5 (decimal) (e.g.,
R5.1, R5.2, R5.3….
etc.)
R6
R7
R8
R9

The inflorescence begins to open. When viewed from directly
above, the ray flowers may be visible.
Beginning of anthesis (flowering). The stage can be divided
into sub-stages dependent upon the percentage of the head
area (disk flowers) that has completed or is in flowering.
Anthesis is complete, and ray flowers are wilting.
The back of the head has started to turn a pale-yellow color.
The back of the head is yellow, but the bracts remain green.
The bracts turn yellow and brown. This stage is regarded as
physiological maturity.

1.1.5 Sunflower hybrids
Sunflower hybrids are commercially grown in the United States and many parts of
the world. Selection of suitable hybrid is the basic and most crucial step in sunflower
production. Currently, two types of sunflowers, i.e., oilseed and non-oilseed (confection)
are commercially cultivated (Berglund 2007). However, selection of each type or its
suitable hybrid/variety depends on several factors including yield potential, nutritional
quality, maturity period, standability, and stress (disease, insect) tolerance (Miller 2007).
Traditional oilseeds are rich in linoleic fatty acid and low in oleic fatty acid, which are
grown for kernel market. Conversely, NuSun oilseed hybrids are very rich (more than 55%)
in oleic fatty acid and mainly used for frying in food industries. Confection sunflower has
long and large seeds with stripping in hull and is mainly used for in-shell and hulled kernel
market. One should select a hybrid with higher yield potential, higher oil content,
appropriate maturity (short duration if delayed in planting), and resistance to diseases,
insects, and other stress from seed dealers (Miller 2007).
1.1.6 Soil requirement
Sunflower can be cultivated in diverse soil conditions, but, well-drained soil with
nearly neutral pH ranging from 6.5 to 7.5 is ideal for its cultivation (Franzen 2007). This
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crop has also been successfully cultivated in heavy soils (Blamey et al. 1997) with high
moisture-holding capacity (Franzen 2007).
1.1.7 Nutrition and Fertilizer
Increased nitrogen availability can increase sunflower yield; however, it may
reduce oil concentration in oilseed sunflower and increase lodging (Schultz et al. 2018).
For every 45.36 kg of grain yield, 1.36 to 2.27 kg of nitrogen fertilizer is recommended
(Grady 2000). Increasing phosphorus (P) application up to 39 kg ha-1 had little effect on
seed yield, oil concentration and lodging (Schultz et al. 2018). Thus, phosphate and
potassium fertilizers should be applied based on the soil test results and fertilizer
recommendation for the crop. These fertilizers are efficiently applied near the seed zone
by band application (Grady 2000).
1.1.8 Field selection and crop rotation
Field selection is important for successful sunflower production. As there are
limited options for weed management using herbicides, fields with a history of weed
infestation should be avoided for sunflower cultivation (Grady 2000). Regular cultivation
of sunflower in the same field is not recommended because of increased disease, insect and
weed pressure, risk of allelopathy and depletion of soil moisture and fertility (Endres 2007;
Grady 2000).
Crop rotation for minimum four years can help minimize problems from diseases,
weeds, and other agronomic factors. Sunflower, wheat (Triticum aestivum L.) or corn (Zea
mays L.) are commonly rotated in central and western South Dakota (Grady 2000).
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1.1.9 Tillage practices
Tillage operations generally make soil favorable for seed germination, control of
weeds and incorporating herbicides applied before planting. However, excessive tillage
may break down soil structure and cause soil compaction and crusting. Sunflower is
cultivated under conventional-till, minimum-till or no-till production systems (Ashley and
Tanaka 2007).
Conventional-till system is followed to control weeds and incorporate preemergence herbicides and crop residues from the previous season. Conventional-till
consists of two or more tillage operations, which include use of tandem disk, chisel or
sweep plows, disk harrow, long-tine harrow, or rolling harrow or air seeders with sweeps
in different combination. Minimum-till system is followed under long crop rotation
practices where 30 to 60% soil surface is covered by crop residue. For minimum-till,
subsurface implements with wide sweeps (e.g., undercutter or harrow) are used to apply
and incorporate herbicides.
1.1.10 Planting Date
Sunflower can be planted between early May and late June in the northern Great
Plains in the United States. However, in South Dakota, sunflower planting from May 15 to
June 15 produces higher seed yield than earlier or later dates (Grady 2000). For
germination, sunflower needs a minimum soil temperature of 7.2°C at four inches depth.
However, 10°C is suitable for germination as temperatures below 10°C can delay the
germination process (Ashley and Tanaka 2007).
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1.1.11 Planting Depth
Ideal depth of planting sunflower is 3.8 to 6.4 cm. Planting deeper than 7.6 cm is
not recommended. If soil crusting occurs before germination, the crust should be broken
using a rotary hoe or any other equipment (Grady 2000).
1.1.12 Seeding rate and plant population
Sunflower seeds should be planted 10 to 15% more than the expected plant
population at harvest. Sunflower can be grown in a wide range of row spacing varying
from 30.5 to 101.6 cm, however, 50.8 to 76.2 cm row spacing has been considered the most
suitable spacing (Grady 2000). Conventionally, sunflower is planted at a row spacing of
76.2 cm.
Plant-to-plant spacing within a row varies with sunflower hybrids, desired
population at harvest, soil type and moisture conditions. For oilseed sunflower, 39,537 to
49,421 plants per hectare is recommended for lighter soil with normal rainfall, whereas
44,479 to 54,363 plants per hectare is best for heavy soil. Similarly, non-oilseed hybrids
are recommended to cultivate with a plant population of 37,066 to 44,479 plants per hectare
(Grady 2000). Seed spacing (in cm) can be calculated as SS = [10000/RS)]/ [PP/(GR x SR]
(Ashley and Tanaka (2007), where RS = row to row spacing (in cm), PP = expected plant
population at harvest, GR = germination rate (in %) and SR = stand reduction (in %) from
germination to harvest due to other factors.
1.1.13 Harvesting
Sunflower is usually harvested from late September to early October which
generally occurs within 120 days from planting. When back of head turns yellow, bracts
turn brown, and seed moisture content falls to 35 to 40%, the crop is considered
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physiologically mature. After physiological maturity, seeds are allowed to dry out.
Desiccants such as sodium chlorate or Gramoxone Extra, can be used to accelerate drying.
Seeds can be harvested when moisture content reaches 25% or lower and the seeds are
dried to 9.5% or less for storage (Grady 2000).
1.1.14 Common pests
Insects, diseases, birds and weeds are the major pests of sunflower in South Dakota
(Grady 2000). Among the birds, migrating flocks of red-winged blackbirds (Agelaius
phoeniceus), yellow-headed blackbirds (Xanthocephalus xanthocephalus) and common
grackles (Quiscalus quiscula) are responsible for crop damage in sunflower (Grady et al.
2021; Grady 2000).
Several insects from nearly 16 species can cause physical damage and economical
loss in sunflower (Knodel and Charlet 2007). Among them, cut worms [dingy cutworm
(Feltia jaculifera), darksided cutworm (Euxoa messoria), redbacked cutworm (Euxoa
ochrogaster), and pale western cutworm (Agrotis orthogonia)], palestriped flea beetle
(Systena blanda), sunflower beetle (Zygogramma exclamationis), red sunflower seed
weevil (Smicronyx fulvus), gray sunflower seed weevil (Smicronyx sordidus), banded
sunflower moth (Cochylis hospes), sunflower moth (Homoeosoma electellum), sunflower
bud moth (Suleima helianthana), sunflower midge (Contarinia schulzi Gagné), sunflower
receptacle maggot (Gymnocarena diffusa), and sunflower seed maggot (Neotephritis
finalis) are common insects in South Dakota. Similarly, thistle caterpillar (Vanessa cardui),
silvery

checkerspot

caterpillar

(Chlosyne

nycteis),

and

headclipping

weevil

(Haplorhynchites aeneus) are occasional pests in sunflower production. Additionally, there
is sporadic outbreak of differential grasshopper (Melanoplus differtialis), two striped
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grasshopper (Melanoplus bivittatus) and the red-legged grasshopper (Melanoplus
femurrubrum) (Varenhorst et al. 2021).
The weeds affecting sunflower in South Dakota include kochia (Kochia scoparia),
common lambsquarter (Chenopodium album), red root pigweed (Amaranthus retroflexus),
Canada thistle (Cirsium arvense), field bindweed (Convolvulus arvensis), wild buckwheat
(Polygonum convolvulus), marestail (Conyza canadensis), and wild sunflower (Helianthus
annuus) (Johnson et al. 2021). Similarly, wild mustard (Sinapis arvensis), wild oat (Avena
fatua), green foxtail (Setaria viridis), yellow foxtail (Setaria lutescens), Russian thistle
(Salsola iberia), cocklebur (Xanthium strumarium), marshelder (Iva xanthifolia), biennial
wormwood (Artemisia biennis) and nightshades (Solanum spp.) are other weeds in
sunflower in this region (Zollinger 2007).
As for diseases, surveys conducted by the National Sunflower Association from
2002 to 2015 showed that downy mildew [Plasmopara halstedii (Farl.) Berl. and de Toni],
Phomopsis stem canker (Diaporthe helianthi Muntañola-Cvetkovic, Mihaljcevic, and
Petrov, D. gulyae Shivas, Thompson and Young and D. stewartii Harrison), sunflower rust
(Puccinia helianthi Schwein.), Rhizopus head rot [Rhizopus stolnifer (Ehrenb.) Vuill and
R. oryzae (syn. R. arrhizus) Went and Prisen Geerlins] and Sclerotinia head rot
[(Sclerotinia sclerotiorum (Lib.)] are prevalent in the major sunflower producing states of
United States (North Dakota, South Dakota, Nebraska, Minnesota, Kansas, Texas and
Colorado) and in Canada (Manitoba). However, incidence and severity of these diseases
varied widely across regions and years (Gulya et al 2019).
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1.2 Phomopsis stem canker
1.2.1 Prevalence of Phomopsis stem canker
Phomopsis stem canker, caused by Diaporthe helianthi Muntañola-Cvetkovic et
al., was first reported from the Vojvodina region of the former Yugoslavia and
subsequently further spread into other European countries during late 1970s (Bradley et al.
2007). The disease was reported in the United States in the 1980s (Bradley et al. 2007; Herr
et al. 1983). Diaporthe helianthi was considered the only pathogen causing the disease
(Gulya et al. 2019) until identification of more than ten species of Diaporthe, including D.
gulyae Shivas et al., was identified causing the disease in Australia (Thompson et al. 2011).
Following the 2010 disease epidemic, D. gulyae was reported in the United States as an
important pathogen causing the disease (Mathew et al. 2015). A third species of Diaporthe,
D. stewartii Harrison, was also reported from Minnesota by Olson et al. (2017).
Phomopsis stem canker can reduce yield up to 40% (Debaeke et al. 2003) and oil
content up to 25% (Acimovic 1986; Talukder et al. 2020). However, the disease was
uncommon in the United States until 2009 (Gulya et al. 2019). Gulya et al. (2019)
conducted a comprehensive survey of sunflower diseases from 2002 to 2015 in major
sunflower-producing states of the United States and Manitoba of Canada and observed
lower prevalence of the Phomopsis stem canker disease until 2008. However, they recorded
severe yield losses in some locations of Nebraska, North Dakota and South Dakota during
2009. Although there was no documented report of yield loss, seed companies observed
the severe damage in seed production, following which prevalence of Phomopsis stem
canker raised concerns for sunflower industry (Gulya et al. 2019).

11
1.2.2 Description of the causal pathogen
Diaporthe helianthi overwinters as perithecia in infected crop debris (Mathew et al.
2018a; Masirevic and Gulya 1992). However, the perithecia of D. gulyae have not been
observed under natural conditions (Mathew et al. 2018a). Perithecia of D. helianthi which
develops on cortical tissue, are globular to spherical in shape, yellowish to blackish in color
and 400 µm in diameter protruding long necks. After maturation of perithecia in spring,
they produce globular to cylindrical shaped asci varying in length (47.5 to 57.5 µm) and
width (7.5 to 12.0 µm). Asci mature at an optimum temperature of 25⁰C ranging from 15
to 30⁰C (Mathew et al. 2018a) and release ascospores that are two-celled, colorless, and
ellipsoidal ranging from 12.5 to 14.5 µm in length and 3.2 to 4.5 µm in width (Mathew et
al. 2018a; Muntañola-Cvetković et al. 1989). It takes around 17 days to develop ascospores
from perithecia (Mathew et al. 2018a; Li et al. 1985).
During mid-summer, both D. helianthi and D. gulyae can produce brown, globular
pycnidia which vary from 170 to 3000 µm in diameter and occasionally have ostiolate
beaks. These pycnidia are embedded in host tissue and mature producing alpha conidia
and/or beta conidia in amber-colored droplets. Beta conidia have been observed only in D.
helianthi which are hyaline in color and thread-like ranging from 17.0 to 42.0 µm long and
0.5 to 2.0 µm wise, however, the beta conidia have not been observed in D. gulyae. Alpha
conidia of both species are hyaline in color with fusoid to ellipsoid shape ranging from 5.5
to 10.0 µm long × 1.5 to 3.0 µm wide (Mathew et al. 2018a; Mathew et al. 2015; Thompson
et al. 2011; Muntañola-Cvetković et al. 1989).
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1.2.3 Disease symptoms
Early infection of D. helianthi may take place during vegetative growth stages of
sunflower. Initially, irregular-shaped spots appear on the leaves which are brown in color
and surrounded by chlorotic tissue. When they extend inwards, large necrotic areas are
observed extending from the leaf margins until the whole leaf dries. The pathogen further
grows into the petiole causing dark brown discoloration and finally reaches to the stem
causing dark brown lesions on the node. The lesion grows up to 20 cm long and may girdle
the stem under favorable conditions. The stem may become hollow due to disintegration
of pith tissue and plants may wilt and lodge due to damage in the stem. Generally, the
pathogen reaches the stem and causes lesion development 25 to 30 days after leaf infection
(Mathew et al. 2018a). The disease can significantly reduce test weight, seed yield and oil
content if the infection takes place before grain filling stage (Diaz and Ortegon 1997).
1.2.4 Epidemiology and disease cycle
Species of Diaporthe systemically infect sunflower plants by leaf-petiole-stem
route of invasion (Muntañola-Cvetković et al. 1991). The disease is considered monocyclic
and the infection is primarily initiated by ascospores (Mathew et al. 2018a). Dense
population, high relative humidity and low or no air movement into the canopy are
favorable for disease development. Beta-conidia are not able to cause successful infection
on sunflower (Masirevic and Gulya 1992; Mihaljcevic et al. 1985).
Overwintering structures of Diaporthe species produce perithecia which further
release ascospores. These ascospores are transferred to leaves of sunflower by wind or rain
splash and infect the leaf margin using guttation droplets (Mathew et al. 2018a) where they
germinate and produce appressoria and penetrate leaf tissue by lysing the epidermis
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mechanically and through production of enzymes (Lesovoy and Marchenko 1999).
Relative humidity higher than 90% in the crop canopy for 36 hours is congenial for disease
development in the leaf (Debaeke et al. 2017; Mathew et al. 2018a). However, it normally
takes 20 to 25 days from spore infection to leaf lesion development (Mathew et al. 2018a;
Pinochet 1995). Rainfall during flower bud initiation (R1) to flowering (R5) stage of the
crop is essential for successful infection in the leaf (Mathew et al. 2018a). After infection,
the pathogen further grows intercellularly and proceeds towards petioles through leaf veins
and midrib and finally reaches the stem. After the systemic infection into the stem, tanbrown colored lesion develops around the axils (Mathew et al. 2018a; MuntañolaCvetković et al. 1991). The pathogen spreads through collenchyma and cortex of the stem
(Muntañola-Cvetković et al. 1989) where pycnidia develop into the cortex (Mathew et al.
2018a). Generally, stem lesions are visible at or after flowering (R5) growth stage of the
crop. As a result of invasion into xylem and phloem tissue, vascular transportation is
interrupted which ultimately results in wilting and dying of the plant (Mathew et al. 2018a;
Muntanola-Cvetkovic et al. 1981)
1.2.5 Management of Phomopsis stem canker
1.2.5.1 Tillage
As the species of Diaporthe overwinter as perithecia in infected crop debris and can
survive up to five years (Masirevic and Gulya 1992), deep burial of the infected debris into
soil by tillage is helpful to minimize primary inoculum of the pathogen (Mathew et al.
2018a; Gulya et al. 1997). However, destruction of residue along with the pathogen
depends on the prevailing weather condition (Mathew et al. 2018a).
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1.2.5.2 Crop rotation
Crop rotation of sunflower with non-hosts of Diaporthe for three to four years can
be helpful in reducing the pathogen population (Mathew et al. 2018a; Masirevic and Gulya
1992).
1.2.5.3 Plant population and fertilization
A high plant population (dense canopy) with high nitrogen level is congenial for
the disease development (Mathew et al. 2018a; Debaeke and Moinard 2010; Debaeke et al.
2003). Higher plant density can favor disease development due to early canopy closure
resulting in increased relative humidity and production of small leaves and thin stems
where the pathogen can move and destroy tissue rapidly (Debaeke and Moinard 2010;
Debaeke et al. 2003). The stem girdling lesions were higher in nitrogen applied plots than
without nitrogen fertilization (Debaeke and Moinard 2010). In general, American farmers
grows up to 50,000 plants per hectare (Mathew et al. 2018a), a density that results in lower
proportion of stem girdling lesions than the higher population (80,000 plants ha-1)
(Debaeke and Moinard 2010).
1.2.5.4 Seed selection and sowing time
Although many species of Diaporthe have been reported to be transmitted by seed,
there is no sufficient evidence of seed-borne nature of D. helianthi and D. gulyae in
sunflower (Mathew et al. 2018a; Fayret et al. 1996). Delayed sowing may be recommended
(Debaeke et al. 2003) to escape the crop from high rainfall period during flower bud
initiation (R1) to flowering (R5) stage of the crop which is essential for successful
Phomopsis stem canker development (Mathew et al. 2018a).
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1.2.5.5 Weed management
Species of Diaporthe can infect and survive in many weed hosts that serve as green
(live) and brown (dead) bridges (Thompson et al. 2015). Diaporthe helianthi can infect and
survive on wild sunflower (Helianthus annuus), common cocklebur (Xanthium
strumarium), Italian cocklebur (Xanthium italicum), burdock (Arctium lappa) and
Noogoora burr (Xanthium pungens) (Mathew et al. 2018a; Vrandecic et al. 2010;
Mihaljčević et al. 1985). Similarly, D. gulyae can survive on corn (Zea mays L.),
Kochia (Kochia scoparia), lamb’s quarters (Chenopodium album), soybean (Glycine
max L.), Pennsylvania smartweed (Polygonum pensylvanicum) and saffron thistle
(Carthamus lanatus) (Mathew et al. 2018a; Thompson et al. 2015; Ash et al. 2010).
However, it does not show any symptoms on corn, Kochia and lamb’s quarters (Mathew
et al. 2018a; Thompson et al. 2015). Wild sunflower and other weed hosts should be
managed properly to manage the disease (Mathew et al. 2018a).
1.2.5.6 Resistant hybrids
Use of partially-resistant hybrids is an effective and economical method of disease
management (Mathew et al. 2018b; Debaeke et al. 2003). Resistance to D. helianthi is
governed by additive genes (Mathew et al. 2018a; Degener et al. 1999; Viguié et al. 1999)
and resistance traits for stem and leaf resistance are inherited independently (Mathew et al.
2018a; Degener et al. 1999). Gulya (1997) evaluated hybrids and inbreeds from the United
States and hybrids from Europe and found resistance in some accessions and hybrids.
Mathew et al. (2018b) screened 49 accessions of USDA cultivated sunflower germplasm
and found 13 accessions resistant to D. helianthi and four accessions resistant to D. gulyae.
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However, currently, we do not have any hybrids that are completely resistant to both the
pathogens (Mathew et al. 2018b).
1.2.5.7 Chemical control
Various fungicides have been used to manage the disease in the United States,
Europe, and other sunflower-growing areas (Mathew et al. 2018a). Application of
fungicides using conventional sprayer when the plant reaches 50-70 cm height or at R1
(flower bud initiation) could be effective to minimize the disease (Debaeke et al. 2003).
Olson (2017) studied the application of foliar fungicide at different growth stages during
2015 and 2016 at three locations in South Dakota and found that single application of
protectant fungicide, pyraclostrobin (Headline @ 0.43 L ha-1), at R1 to R3 growth stages
can reduce disease severity and increase yield.
1.2.5.8 Integrated disease management
Because of environmental and economic reasons, integrated disease management
combining cultural methods, disease resistance and fungicides should be followed to
manage the disease (Debaeke and Moinard 2010).
1.3 Research justification
Endophytes are organisms which inhabit inside a host for at least some period of
their life cycle (Schulz and Boyle 2005). They may colonize as latent pathogens without
causing visible symptoms in their host (Hrycan et al. 2020; Sieber 2007; Brown et al.
1998). Species of Diaporthe have been reported as endophytes in various crop species such
as soybean (Glycine max L.), grapevine (Vitis vinifera L.), and citrus (Citrus spp.) (Petrović
et al. 2021; Batzer and Mueller 2020; Huang et al. 2015; Impullitti and Malvick 2013;
Gomes et al. 2013; Botella and Diez 2011, Udayanga et al. 2011; Murali et al. 2006;
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Mostert et al. 2000). However, we have limited information on endophytic fungal
community in sunflower (Bashir et al. 2020; Wheeler and Johnson 2019). For the second
chapter, a study was conducted to understand the diversity of foliar fungal endophytes in
sunflower, particularly Diaporthe spp. which are associated with the Phomopsis stem
canker, a yield-limiting disease. In addition, pathogenicity of endophytic Diaporthe spp.
was tested to assess their potential to cause disease under favorable conditions. Also,
considering association of increased precipitation with increased prevalence of Phomopsis
stem canker in the sunflower production regions of northern great plains (Hulke et al.
2019), the effect of weather variables (temperature, relative humidity, total precipitation,
and number of days with precipitation) on the presence of endophytic Diaporthe was
assessed. Overall, identification of endophytic Diaporthe that might be living as latent
pathogens in sunflower, is important as host physiology can change due to environmental
or nutritional conditions and favor the transition of these organisms from an endophytic to
pathogenic lifestyle (Romero et al. 2001, Fisher and Petrini 1992).
Quinone outside inhibitor (QoI) fungicides are applied on plant species to control
diseases and for plant health benefits, but there have been studies suggesting that these
fungicides may affect the endophyte community (Batzer and Mueller 2020, Wrather et al.
2004). For example, in soybean (Glycine max L. Merrill), incidence of endophytic
Diaporthe increased in stem and leaf but incidence of endophytic Alternaria decreased in
leaf by foliar application of QoI fungicide in soybean (Batzer and Mueller 2020). Also,
percentage of seed infection by D. longicolla significantly increased in soybean when the
QoI fungicide was applied at R3 growth stage (Wrather et al. 2004) but Berkland (2011)
found a decrease in D. longicolla infection in soybean seed by application of QoI fungicide
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at R3. On sunflower, the effect of QoI fungicides on Diaporthe and other endophytic fungi
has not been studied.
During 2011 to 2019, the prevalence of Phomopsis stem canker increased from
~32% to ~70% in in the Northern Great Plains (Gulya et al. 2019). Current disease
management strategies include planting commercial hybrids with partial resistance to
causal organisms, a four-year crop rotation with non-hosts, weed management, tillage, and
fungicides (Markell et al. 2020; Mathew et al. 2018a; Olson 2017; Bradley et al. 2007).
Three fungicide groups: FRAC 3 (DeMethylation inhibitors) fungicides, FRAC 7
(Succinate-dehydrogenase inhibitors), and FRAC 11 (QoI) have been used for managing
sunflower foliar diseases in the United States (Friskop et al. 2017). To assess the overall
effect of fungicides and individual fungicide groups we followed a meta-analysis approach
to combine results from 49 trials conducted in Minnesota, Nebraska, North Dakota, and
South Dakota between 2009 and 2020 (Madden and Paul 2011; Paul et al. 2006).
Additionally, comprehensive assessment of net return is important to draw meaningful
conclusions about profitability for application of fungicides in sunflower.
The overall objectives of our study were to:
1. study the diversity of endophytic fungi and association of endophytic Diaporthe
with weather variables;
2. assess the effect of QoI fungicide on endophytic fungal community in sunflower;
and
3. assess the fungicides for management of Phomopsis stem canker in sunflower and
profitability of fungicide application.
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CHAPTER 2
Diversity of endophytic fungi and association of endophytic Diaporthe with weather
variables

2.1 Abstract

Field trials were conducted in Nebraska, North Dakota, and South Dakota from
2019 to 2021 to determine presence of endophytic Diaporthe in asymptomatic sunflower
plants. Susceptible sunflower hybrids were planted in eight large plots in each location.
Plants were sampled at two to three weeks after planting at V2-V4 (two to four leaves)
stage from each plot and repeated twice at every two to three weeks until flowering stage.
A culture-dependent characterization method was used to identify the endophytic fungal
community. Putative fungal isolates were identified by morphological characteristics,
sequencing of the internal transcribed spacer (ITS) or the translation elongation factor 1alpha (EF1-𝛼) genes and the quantitative polymerase chain reaction (qPCR) assays. A total
of 2141 fungal isolates belonging to 17 genera were recovered, among which Alternaria
(57.73%) was the most frequently isolated genus. The relative importance for Fusarium
and Diaporthe were 40.53% and 6.31%, respectively. To identify the weather variables
that are significantly associated with the prevalence of endophytic Diaporthe, a binary
logistic regression model was developed using weather variables (temperature, relative
humidity, precipitation) as predictors and presence of endophytic Diaporthe as response
variable. The number of precipitation days during 30 days prior to sampling showed
significant association with the presence of endophytic Diaporthe in sunflower.
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Greenhouse experiments were conducted to assess the aggressiveness of randomly selected
two endophytic isolates each of D. helianthi (DIA-177 and DIA-178), D. gulyae (DIA-190
and DIA-205), D. longicolla (DIA-202 and DIA-204) and D. caulivora (DIA-210 and DIA211) on a susceptible sunflower hybrid. A mycelial plug of freshly prepared cultures of
Diaporthe isolates was used to inoculate the plants with the mycelium contact inoculation
method and stem-wound inoculation method. The severity of Phomopsis stem canker
(PSC) was scored using a 0-5 rating scale 20 days after inoculation (DAI). There was a
significant isolate by inoculation method interaction in D. helianthi (p = 0.03) and D.
gulyae (p = 0.03) but not in D. longicolla (p = 0.93) and D. caulivora (p = 0.25). For isolate
DIA-190 and DIA-205 of D. gulyae and isolate DIA-178 of D. helianthi, Phomopsis stem
canker severity expressed in relative treatment effect (RTE) was significantly higher in
stem wound method than the mycelium contact method. The RTE for stem-wound method
was significantly higher (p < 0.001) than the mycelial contact method for D. longicolla and
D. caulivora. These results revealed that the inoculation methods differed in PSC symptom
development with inoculation methods. Re-isolation of D. helianthi and D. gulyae from
stem tissue 12.7 cm above inoculation point revealed the potential role of endophytic
Diaporthe to cause Phomopsis stem canker in sunflower under favorable environmental
conditions.

2.2 Introduction
Endophytes are organisms living within the host that colonize the plant for all or at
least some period of its life cycle without causing apparent harm to the host (Brader et al.
2017). The word endophyte came from “endo” and “phyte”, which means within and plant,
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respectively (Wilson 1995). Ecologically, the relationship of endophytes with plants can
be that of a mutualist, commensal, or parasitic organism (Kogel et al. 2006; Saikkonen et
al. 2004). However, the variation in function of an endophyte can change across fungal
taxa, genotypes, and habitats (Rodriguez and Redman 2008; Morse et al. 2007; Cheplick
2004), which suggests that these organisms may be affected by a combination of spatial,
ecological, and evolutionary factors (Giauque and Hawkes 2013; Leibold et al. 2004). As
examples, Arnold and Lutzoni (2007) compared the composition of endophyte
communities along a latitudinal gradient from the Canadian arctic with that of the tropical
forest of central Panama. They found that the endophyte communities from northern
latitudes consisted of a few species from different classes within the Ascomycota
(Dothideomycetes, Sordariomycetes, Pezizomycetes, Leotiomycetes and Eurotiomycetes),
while that of the tropical areas consisted of many species belonging to a small number of
classes (Dothideomycetes, Sordariomycetes and Eurotiomycetes) and having wide host
ranges (Arnold and Lutzoni 2007). Giauque and Hawkes (2013) characterized endophytes
in Panicum hallii Vasey and P. virgatum L. (Poaceae), across a precipitation gradient to
determine the relative importance of environmental factors on these organisms. They
observed that spring rainfall (11.5% of the variance), mean annual precipitation (5.4%) and
their interaction (21.9%) significantly affected the variation in endophyte community
composition, but the average maximum and minimum air temperatures did not have a
significant effect on variation in the endophytic composition Giauque and Hawkes 2013).
Endophytes may also be latent pathogens (i.e., organisms that colonize host tissue
but do not cause visible symptoms) in their host (Hrycan et al. 2020; Sieber 2007; Brown
et al. 1998) and cause disease symptoms when the environmental or nutritional conditions
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are favorable or during the maturity of the host (Agrios 1988, Verhoeff 1974). Ideally,
endophytes cannot be considered as organisms causing disease although these are
demonstrated to cause disease under favorable conditions. However, studies suggest that
some endophytes may be related to plant pathogenic fungi (Isaac 1992; Carroll 1988) on
the same or closely related plant species. As an example, Acremonium coenophialum
Morgan-Jones & Gams is an important endophyte of grass and is very closely related to
the pathogen, Epichloë typhina (Pers.) Brockm, which causes fescue toxicosis (Clay 1988).
Among the fungal endophytes reported as plant pathogens, species of Diaporthe
have gained importance as the causal agents of Phomopsis stem canker in sunflower
(Helianthus annuus L.). Phomopsis stem canker is a major disease of sunflower worldwide
and yield losses up to or exceeding 40% have been reported in commercial fields (Debaeke
et al. 2003). In cropping systems such as soybean (Glycine max L. Merrill), grapevine (Vitis
vinifera L.), and citrus (Citrus spp.), species of Diaporthe have been reported as
endophytes (Petrović et al. 2021; Batzer and Mueller 2020; Huang et al. 2015; Impullitti
and Malvick 2013; Gomes et al. 2013; Botella and Diez 2011, Udayanga et al. 2011; Murali
et al. 2006; Mostert et al. 2000). On soybean, Petrović et al. (2021) isolated 10 endophytic
species of Diaporthe from seeds and demonstrated that these organisms can be pathogenic
under controlled conditions. In the pathogenicity experiment, seeds of soybean cv. Sava
inoculated with the isolates of D. aspalathi Jansen et al., D. bacilloides Petrović et al., D.
caulivora (Athow and Caldwell) Santos et al., D. flavescens Petrović et al., D. insulistroma
Petrović et al., D. kongii Shivas et al., D. longicolla (Hobbs) Santos et al., D. sojae Lehman
and D. unshiuensis Huang et al. decayed and developed seedling necrosis (Petrović et al.
2021). In grapevine, Mostert et al. (2000) studied the endophytic survival of D. viticola
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Nitschke [syn. P. viticola (Sacc.)] in asymptomatic shoots and observed that the
distribution of the fungus was not affected by the age of the host tissue. Huang et al. (2015)
isolated 44 endophytic and 14 saprophytic strains of Diaporthe from the leaf, twigs, and
branches of six species of citrus and Fortunella margarita (Lour.) Swingle (kumquat) and
at least 13 species of Diaporthe were identified among the strains. Despite these studies on
the endophytic species of Diaporthe, the true lifestyles of these organisms remain a subject
of speculation, and research is needed to understand the implications of crop rotation on
movement of fungal inocula, emergence of these organisms as pathogens, and disease
management.
In sunflower, to our knowledge, only limited studies have been conducted to
investigate the endophyte community (Bashir et al. 2020; Wheeler and Johnson 2019).
While the study by Basir et al. (2020) identified the endophytic bacterial communities from
two different hybrids at three developmental stages to be Indole acetic acid (IAA)
producers to promote plant growth, Wheeler and Johnson (2019) established that the
fungus Verticillium isaacii Inderb. et al. can be a pathogenic endophyte in sunflower.
Additionally, studies on other plant species suggest that the plant pathogens have possibly
emerged from endophytes (Delaye et al. 2013; Arnold et al. 2009) and these organisms
cause disease on new hosts (crop and/or weed species) as part of their adaptive ability
(Bleuven and Landry 2016). These studies raise the question where sunflower can be an
asymptomatic host of endophytic organisms that have the potential to become pathogens.
The overall goal of this research is to understand the diversity of foliar fungal
endophytes in sunflower, with emphasis on species of Diaporthe, considering their
association with the yield-limiting disease, Phomopsis stem canker, as the causal agents.
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In this study, for the first objective, we identified the endophytic fungal taxa that may be
latent pathogens in sunflower through field trials conducted in Nebraska, North Dakota,
and South Dakota. We used a culture-dependent characterization to indicate the relative
importance of fungal taxa to endophyte community structure. This information is very
important since any change in host physiology caused by environmental or nutritional
conditions will favor the transition of the species of Diaporthe from an endophytic to
pathogenic lifestyle (Romero et al. 2001; Fisher and Petrini 1992) and disease development
on the host is coincidental. For the second objective, we assessed the effect of weather
variables (temperature, relative humidity, total precipitation, and number of days with
precipitation) on the presence of endophytic Diaporthe, considering the increase in
prevalence of Phomopsis stem canker in the sunflower production regions of Nebraska,
North Dakota and South Dakota is possibly associated with increased precipitation (Hulke
et al. 2019). The final objective was to determine if the endophytic species of Diaporthe
are pathogenic on sunflower under greenhouse conditions (using Koch’s postulates).

2.3 Materials and Methods
2.3.1 Field experiments
Field trials were conducted in Nebraska (Panhandle Research Center, Scottsbluff),
North Dakota (BASF North Dakota Research Farm, Davenport) and South Dakota (Felt
Farm, Brookings) from 2019 to 2021 at sites with history of Phomopsis stem canker
(Nebraska, South Dakota) or no disease history (North Dakota). Each location was
comprised of eight four-row plots of 9.14 to 21.34 m length and 3.05 m width with 0.76 m
row spacing (Table 2.1). The trials were planted to a commercial hybrid susceptible to

35
Phomopsis stem canker and other foliar diseases [Legend seeds (De Smet, SD)] as per the
farming season in Nebraska (June), North Dakota (May/June), and South Dakota (June) at
44,479 to 49,421 seeds per hectare for oil type and 39,537 to 44,479 seeds per hectare for
non-oil type sunflower (Table 2.1). Plants were sampled at two to three weeks after
planting at V2-V4 (two to four leaf stage, Schneiter and Miller 1981) and repeated every
two to three weeks until R1 (miniature floral bud initiation) growth stage, when symptoms
of Phomopsis stem canker can be observed on the leaves (Mathew et al. 2018). During
2019, six plants were randomly selected from middle two rows of each plot, cut into small
pieces, bulked and six stem samples (1 cm long) were randomly selected for fungal
isolation. During 2020 and 2021, considering the drought season which compromised seed
germination, only three plants were randomly selected from the middle two rows of each
plot and two stem samples (1 cm long) were randomly taken from the upper, middle, and
lower portion of stem. During each sampling, symptoms of Phomopsis stem canker were
monitored in at least ten plants.

Figure 2.1 Field trial with sunflower plants at R1 growth stage (Schneiter and Miller 1981).
Picture by: N. K. Dangal.
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Table 2.2. Weather parameters from planting to last sampling (R6-R7 stage)
Locationa

Year

Average
Relative
Total
Number of days with a
temperature Humidity precipitation minimum of 0.25 mm
(°C)
(%)
(mm)
precipitation
Scottsbluff, NE 2019
21.7
64.7
154.9
34
Scottsbluff, NE 2020
22.9
49.7
64.9
12
Scottsbluff, NE 2021
22.7
55.1
83.2
10
Davenport, ND 2019
19.5
71.3
245.0
29
Davenport, ND 2020
21.4
74.1
262.8
22
Davenport, ND 2021
20.5
61.2
138.9
18
Brookings, SD 2019
20.9
75.8
246.6
30
Brookings, SD 2020
22.4
71.8
181.4
15
Brookings, SD 2021
22.7
65.5
84.8
14
a
Location of field trials. NE = Nebraska, ND = North Dakota, SD = South Dakota.
2.3.2 Isolation and identification of fungal isolates
The stem pieces were washed in tap water for two minutes, surface sterilized in
sodium hypochlorite (0.6%) for two minutes and in ethanol (70%) for 30 s, and then rinsed
twice in autoclaved distilled water. Following rinsing, these pieces were dried in
autoclaved paper towels and plated in Petridish plates containing potato dextrose agar
(PDA) (Leslie and Summerell 2006) amended with streptomycin (0.3 g/l) to minimize
bacterial contamination. Between three and 15 days of incubation at 25°C, colonies of
putative fungal species were observed on PDA and hyphae that developed from these
colonies were transferred to fresh PDA plates and incubated under the conditions as
described previously for seven to 14 days. The identification of Alternaria, Diaporthe and
Fusarium to genus level was performed based on the morphological and cultural
characteristics such as color and colony appearance, and type of spores (Udayanga et al.
2011; Leslie and Summerell 2006; Barnett and Hunter 1972). The absence of growth of
any other fungi on PDA confirmed that the surface-sterilization protocol was effective in
the removal of the surface fungi (Schulz et al. 1993).
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For DNA extraction, approximately 20 mg of mycelium was scraped from the
surface of 10-day-old pure cultures with a glass coverslip and ground with liquid nitrogen
using an autoclaved mortar and pestle. DNA of each isolate was extracted with the Wizard
Genomic DNA purification kit (Promega Corporation, Madison, WI), and the
concentration was measured with a NanoDrop Spectrophotometer (NanoDrop
Technologies, Wilmington, DE). For all isolates, the ITS gene region was amplified using
ITS1 and ITS4 primers (White et al. 1990). For isolates suspected of belonging to the
Fusarium genus, the EF1-α gene region of the isolates was amplified and sequenced using
the primer pair EF1F/EF1R (Geiser et al. 2004). All polymerase chain reaction (PCR) was
performed in a solution (25.0 μl) containing 2.0 μl of fungal DNA (10 ng/μl), 9.0 μl of
sterile distilled water, 10 µM each of forward and reverse primer (0.75 μl), and 12.5 μl of
Taq PCR Master Mix solution (Qiagen, Valencia, CA). The PCR amplicons were
sequenced at Genscript Biotech (Piscataway, NJ). The edited consensus sequences were
matched to those in National Center for Biotechnology Information (NCBI) of FusariumID (http:// http://isolate.fusariumdb.org/blast.php) using Basic Local Alignment Search
Tool Nucleotide (BLASTN) and the isolates were identified to species level by comparing
their gene sequences with those of the type isolates. The DNA sequences sequenced in this
study were deposited in GenBank under accession number ON310896 to ON310950 (Table
2.4). As for Diaporthe, the identity of isolates was confirmed using the quantitative
polymerase chain reaction assays developed by Elverson et al. (2020) for D. helianthi
Muntañola-Cvetkovic et al. and D. gulyae Shivas et al. as well as Kontz et al. (2016) for
D. caulivora and D. longicolla.
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After confirming the identity of the fungus to genus level, the frequency of isolation
was calculated using the total number of isolates recovered from the stems for the three
most dominant fungal genera and all locations in a particular year. The frequency of
isolation (FI) was evaluated as FI = 100 × (n/N), in which n = the number of isolates of
each genus and N = the total number of isolates of all genera (Díaz Arias et al 2013;
Rodríguez and Meneses 2005).
In addition, the relative importance (RI) values were calculated for each fungal
genus at each location-year as described by Ludwig and Reynolds (1988), with the
dominant endophytic genus being assigned a value of 100% and computing the relative
importance of each additional genus as a percentage of the dominant genus:
RI (%) =

!"#$%#&'( *+ , -#&%.
!"#$%#&'( *+ /*.0 ,1%&2,&0 -#&%.

× 100]

2.3.3 Effect of weather variables on the presence of endophytic Diaporthe
Logistic regression was used to identify the weather variables that are significantly
associated with the prevalence of endophytic Diaporthe. Weather variables were
comprised of average temperature, number of days with average temperature (20-25°C),
average relative humidity (RH), total precipitation, number of precipitation days, no. of
days with RH greater than 70%, 80% and 90% for a period of 3 days, 7 days, 15 days, and
30 days prior to sampling at each location. The daily weather data (mean temperature, mean
relative humidity and precipitation) for the locations in Nebraska, North Dakota, and South
Dakota were obtained for the nearest weather stations from High Plains Climate Center
(https://hprcc.unl.edu/),

North

Dakota

Agricultural

(https://ndawn.ndsu.nodak.edu) and Mesonet (mesonet.sdstate.edu).

Weather

Network
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A binary logistic regression model was used to develop a dichotomous model,
which would predict the presence (=1) or absence (=0) of endophytic Diaporthe. As per
the model, if Y represents presence of endophytic Diaporthe and only takes on values 0 (=
absence) and 1 (= presence), the probability of prevalence can be modeled as follows (Mila
et al. 2004):
𝑃(𝑌 = 1) = 𝑒𝑥𝑝 23 𝑏3 𝑋3 6:21 + 𝑒𝑥𝑝 83 𝑏3 𝑋3 96
where 𝑏3 𝑠 are the parameters to be estimated and 𝑋3 (weather variables) are the predictors
or covariates. Furthermore, 𝑃(𝑌 = 1) denotes the probability which is between 0 and 1 for
any value of 𝑏3 and 𝑋3 . The logistic model was fitted to the data obtained for the field trials
conducted in 2019, 2020 and 2021 in R (v 4.0.3; R core team 2020; R Foundation for
Statistical Computing, Vienna, Austria. https://www.R-project.org/) and the backward
elimination method was used to select predictors. Beginning with a full model, the
predictors that were not significantly associated with the response variables were dropped.
In the final logistic model, only predictors that were significantly associated with the
prevalence of endophytic Diaporthe were retained.
For validation, the data of each location for two years was used for developing
logistic model and the data of the third year for three locations were used to validate the
model. The overall accuracy of the model was determined by calculating the percentage of
all cases, where the observation and prediction data agreed. In addition, sensitivity was
calculated as the percentage of true positive cases that were correctly predicted and
specificity was determined as the percentage of true negative cases that were correctly
predicted. Additionally, Akaike information criterion (AIC), an estimator of prediction
error, was calculated.
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2.3.4 Pathogenicity tests for endophytic isolates of Diaporthe
Greenhouse experiments were conducted to assess the pathogenicity of isolates of
Diaporthe isolates sampled during 2019 and 2020. The experiment was performed twice
in a completely randomized design with eight replications (plants). Two isolates each of
D. helianthi, D. gulyae, D. longicolla and D. caulivora were randomly selected and
evaluated for their aggressiveness on a susceptible hybrid (N4HM354, Nuseed,
Breckenridge, MN) along with a non-inoculated control (Table 2.3). Prior to inoculation,
fungal isolates were cultured in freshly prepared PDA amended with streptomycin for 10
days at 22±2°C and 12-h cycles of light and darkness. One mycelial plug of 6 mm diameter
taken from the margin of growing fungal colony was used for inoculation. For noninoculated control, one non-infested PDA plug was used.
Table 2.3. List of Diaporthe isolates used in pathogenicity test
S.N.
Isolate
Species
Locationa
Yearb
1
20-OP-SF-DIA-177
D. helianthi South Dakota 2020
2
20-OP-SF-DIA-178
D. helianthi South Dakota 2020
3
20-OP-SF-DIA-190
D. gulyae
Nebraska
2020
4
20-OP-SF-DIA-205
D. gulyae
North Dakota 2020
5
20-OP-SF-DIA-202 D. longicolla North Dakota 2020
6
20-OP-SF-DIA-204 D. longicolla North Dakota 2020
7
20-OP-SF-DIA-210 D. caulivora North Dakota 2020
8
19-OP-SF-DIA-211 D. caulivora
Nebraska
2019
a
Location of isolate collection.
b
Year of isolate collection.
c
Growth stage of sunflower plant at the time of isolate collection.

Growth stagec
vegetative
reproductive
vegetative
vegetative
vegetative
vegetative
vegetative
vegetative

For each experiment, two plants were grown into 7.5 L plastic pots (four pots per
isolate) with moist potting soil (Promix BX, Premier Horticulture Ltd. Quakertown, PA).
Prior to planting, ~30 grams of (Multicote (4) 14-14-16 + Micronutrients) fertilizer (Haifa
NutriTech Inc., Altamore Springs, FL) was mixed with the potting mix in each pot. The
plants were grown at 22±2°C in the greenhouse and watered every two days. For each
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isolate, plants were inoculated with mycelia plugs at V6-V8 (six to eight true leaf) growth
stages (approximately 30 days after planting) using the mycelial contact inoculation
method (Thompson et al. 2010, 2011) and stem-wound inoculation method (Mathew et al.
2015). For the mycelial contact inoculation method, the mycelial plug was placed between
the third and fourth node against the stem (30 cm above soil line). For the stem wound
inoculation method, the stems were wounded (~5 mm long slit) with a micro-pipette
(1000 µl) in internode (near forth node) at ~30 cm height and the mycelial plug was inserted
into the wound. For both inoculation methods, the plugs were covered with petroleum jelly
to avoid drying of the inoculum. Following inoculations, plants were misted for two
minutes during every two hours for three days. After that the pots were watered in alternate
days or as needed. Plants were rated for severity of Phomopsis stem canker on 20 days
post-inoculation using the 0-to-5 disease rating scale (Mathew et al. 2015) where 0 = no
discoloration, 1 = low level of discoloration at site of inoculation; 2 = slight discoloration
or lesion length of 1-2 mm; 3 = necrotic lesions of length 2-5 mm, some colored stem
streaking, leaf wilting, and twisting; 4 = lesion length of 5 to 10 mm, significant necrosis,
plant wilting, stunting, and some lodging; and 5 = lesions exceeding 10 mm in length,
severe leaf necrosis, lodging, and plant death. At the end of the experiment (R2-R3 growth
stages; immature floral bud elongation), four plants were sampled from each treatment,
stems were cut from 12.7 cm above the inoculation point into pieces, surface-sterilized and
plated on PDA media as described previously. Fungi were reisolated and identified using
quantitative polymerase chain reaction (qPCR) assays (Elverson et al. 2020; Kontz et al.
2016) to complete Koch’s postulates.
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Statistical analyses were performed separately for D. helianthi, D. gulyae, D.
longicolla and D. caulivora in two factorial (isolates × inoculation methods) completely
randomized design. To determine whether the data from the two experiments could be
combined at α < 0.05, Fligner-Killeen test for homogeneity of variances (Conover et al.
1981) was performed in R (v 4.0.3; R core team 2020; R Foundation for Statistical
Computing, Vienna, Austria. https://www.R-project.org/). The two experiments for D.
helianthi (P = 0.52), D. gulyae (P = 0.13), D. longicolla (P = 0.34) and D. caulivora (P =
0.60) were homogenous. In addition, since the data were not normally distributed based on
Shapiro-Wilk normality test (P < 0.001), the non-parametric method (Shah and Madden
2004) was used for data analyses using the “nparLD” package (Noguchi et al. 2012) in R.
For each isolate, the relative treatment effects (RTE) was calculated from the mean rank as
4

4

4

&!
𝑝̂3 = 5(𝑅i -6) [where 𝑅i (mean rank)= & ∑784
𝑅ik (Akritas 1991), 𝑅i = the mean rank for the
!

ith treatment, and Rik = the rank of Xik among all N observations, N = the total number of
observations (Shah and Madden 2004)] and the RTE comparisons were performed using
95% confidence intervals.

2.4 Results
2.4.1 Isolation and identification of fungal isolates
A total of 2141 fungal isolates belonging to 17 genera were recovered from
sunflower stems sampled across nine-location years, among which 57.7% of the isolates
belonged to the Alternaria genus. The frequency of isolation of Fusarium and Diaporthe
were 23.4% and 3.6%, respectively. The other endophytic fungal genera that were isolated
(< 2%) included Apiospora, Ceriporiopsis, Chaetomium, Colletotrichum, Clonostachys,
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Epicoccum, Gibellulopsis, Irpex, Neocosmospora, Nigrospora, Plenodomus, Sarocladium,
Sordaria and Tricharina (Table 2.4).
As for the molecular identification of Alternaria, three species, A. alstroemeriae
(20-OP-SF-ALT-01, 20-OP-SF-ALT-02 and 21-OP-SF-ALT-07), A. arbusti (20-OP-SFALT-03), and A. destruens (20-OP-SF-ALT-04, 20-OP-SF-ALT-05 and 20-OP-SF-ALT06) were identified. The isolate 20-OP-SF-ALT-01, 20-OP-SF-ALT-02 and 21-OP-SFALT-07 matched the type sequence of A. alstroemeriae strain CBS 118809 (GenBank
Accession Numbers: NR_163686.1) with 100, 100 and 99.8% sequence identity for ITS
region, respectively. The isolate 20-OP-SF-ALT-03 matched the type sequence of A.
arbusti strain ATCC 90613 ITS (GenBank Accession Numbers: NR_136020.1) with
98.7% sequence identity for ITS region. The isolate 20-OP-SF-ALT-04, 20-OP-SF-ALT05 and 20-OP-SF-ALT-06 matched the type sequence of A. destruens strain ATCC 204363
(GenBank Accession Numbers: NR_137143.1) with 100% sequence identity for ITS
region.
For genus Diaporthe, four species, D. helianthi, D. gulyae, D. longicolla (19-OPSF-DIA-217 and 19-OP-SF-DIA-218) and D. caulivora (19-OP-SF-DIA-211, 20-OP-SFDIA-207, 20-OP-SF-DIA-208, 20-OP-SF-DIA-209 and 20-OP-SF-DIA-210) were
identified. The isolates 19-OP-SF-DIA-211, 20-OP-SF-DIA-207, 20-OP-SF-DIA-208, 20OP-SF-DIA-209 and 20-OP-SF-DIA-210 matched the type sequence of D. caulivora strain
CBS 127268 (GenBank Accession Numbers: NR_111845.1) with 100% sequence identity
for ITS region. The isolate 19-OP-SF-DIA-217 and 19-OP-SF-DIA-218 matched the type
sequence of D. longicolla strain ATCC 60325 (GenBank Accession Numbers:
NR_144924.1) with 100% sequence identity for ITS region. Other isolates were identified
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by qPCR assay. Similarly, for genus Fusarium, four species, F. oxysporum (21-OP-FUS063 and 21-OP-FUS-064), F. sporotrichioides (21-OP-FUS-065), F. acuminatum (21-OPFUS-062, 21-OP-FUS-066, 21-OP-FUS-067, and 21-OP-FUS-068) and F. boothii (21-OPFUS-069) were identified. For genus Apiospora, one species, A. malaysiana (19-OP-SFAPI-01) was identified. The isolate 19-OP-SF-API-01 matched the type sequence of A.
malaysiana strain CBS 102053 (GenBank Accession Numbers: NR_120273.1) with 97.7%
sequence identity for ITS region. For genus Ceriporiopsis, one species, C. malaysiana (20OP-SF-CER-01 and 20-OP-SF-CER-02) was identified. The isolate 20-OP-SF-CER-01
and 20-OP-SF-CER-02 matched the type sequence of C. fimbriata strain BJFC Dai 11672
(GenBank Accession Numbers: NR_166549.1) with 89.4 and 88.3% sequence identity for
ITS region, respectively. For genus Chaetomium, two species, C. cucumericola (21-OPSF-CHA-05) and C. subglobosum (19-OP-SF-CHA-01, 19-OP-SF-CHA-02, 19-OP-SFCHA-03 and 19-OP-SF-CHA-04) were identified. The isolate 21-OP-SF-CHA-05 matched
the type sequence of C. cucumericola strain CBS 378.71 (GenBank Accession Numbers:
NR_144858.1) with 95.5% sequence identity for ITS region. The isolate 19-OP-SF-CHA01, 19-OP-SF-CHA-02, 19-OP-SF-CHA-03 and 19-OP-SF-CHA-04 matched the type
sequence of C. subglobosum strain MUCL 18694 (GenBank Accession Numbers:
NR_144826.1) with 99.8% sequence identity for ITS region.
For genus Clonostachys, two species, C. aranearum (21-OP-SF-CLO-01 and 21OP-SF-CLO-02) and C. rosea (21-OP-SF-CLO-03 and 21-OP-SF-CLO-04) were
identified. The isolate 21-OP-SF-CLO-01 and 21-OP-SF-CLO-02 matched the type
sequence of C. aranearum strain GZAC QLS0625 (GenBank Accession Numbers:
NR_164542.1) with 99.6 and 99.4% sequence identity for ITS region, respectively. The
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isolates 21-OP-SF-CLO-03 and 21-OP-SF-CLO-04 matched the type sequence of C. rosea
strain CBS 154.27 (GenBank Accession Numbers: NR_165993.1) with 99.4% sequence
identity for ITS region. For genus Colletotrichum, one species, C. incanum (19-OP-SFCOL-01, 19-OP-SF-COL-02 and -OP-SF-COL-03) was identified. The isolates 19-OP-SFCOL-01, 19-OP-SF-COL-02 and -OP-SF-COL-03 matched the type sequence of C.
incanum strain CBS 133485 (GenBank Accession Numbers: NR_160812.1) with 100%
sequence identity for ITS region. For genus Epicoccum, three species, E. endophyticum
(20-OP-SF-EPI-01), E. layuense (20-OP-SF-EPI-02, 20-OP-SF-EPI-04 and 20-OP-SFEPI-05) and E. italicum (21-OP-SF-EPI-03) were identified. The isolate 20-OP-SF-EPI-01
matched the type sequence of E. endophyticum strain MFLUCC 19-0097 (GenBank
Accession Numbers: NR_172436.1) with 98.8% sequence identity for ITS region. The
isolates 20-OP-SF-EPI-02, 20-OP-SF-EPI-04 and 20-OP-SF-EPI-05 matched the type
sequence of E. layuense strain CGMCC 3.18362 (GenBank Accession Numbers:
NR_158265.1) with 100, 99.8 and 100% sequence identity for ITS region, respectively.
The isolate 21-OP-SF-EPI-03 matched the type sequence of E. italicum strain CGMCC
3.18361 (GenBank Accession Numbers: NR_158264.1) with 100% sequence identity for
ITS region. For genus Gibellulopsis, one species, G. serrae (21-OP-SF-GIB-01) was
identified. The isolate 21-OP-SF-GIB-01 matched the type sequence of G. serrae strain
CBS 290.30 (GenBank Accession Numbers: NR_164414.1) with 100% sequence identity
for ITS region. For genus Irpex, one species, I. lenis (20-OP-SF-IRP-01) was identified.
The isolate 20-OP-SF-IRP-01 matched the type sequence of Irpex lenis strain TNM F30495
(GenBank Accession Numbers: NR_175186.1) with 93.5% sequence identity for ITS
region. For genus Nigrospora, three species, N. magnoliae (21-OP-SF-NIG-10, 20-OP-SF-
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NIG-02, 20-OP-SF-NIG-03, 20-OP-SF-NIG-04, 20-OP-SF-NIG-05, 20-OP-SF-NIG-06,
20-OP-SF-NIG-07, 20-OP-SF-NIG-08 and 19-OP-SF-NIG-01), N. osmanthi (21-OP-SFNIG-11) and N. sacchari-officinarum (21-OP-SF-NIG-12 and 21-OP-SF-NIG-09) were
identified. The isolates 21-OP-SF-NIG-10, 20-OP-SF-NIG-02, 20-OP-SF-NIG-03, 20-OPSF-NIG-04, 20-OP-SF-NIG-05, 20-OP-SF-NIG-06, 20-OP-SF-NIG-07, 20-OP-SF-NIG08 and 19-OP-SF-NIG-01 matched the type sequence of N. magnoliae strain MFLUCC
19-0112 (GenBank Accession Numbers: NR_172443.1) with 97.8, 97.6, 97.8, 97.8, 97.8,
97.9, 97.7 97.7 and 97.9% sequence identity for ITS region, respectively. The isolate 21OP-SF-NIG-11 matched the type sequence of N. osmanthi strain CGMCC 3.18126
(GenBank Accession Numbers: NR_153474.1) with 100 sequence identity for ITS region.
The isolates 21-OP-SF-NIG-12 and 21-OP-SF-NIG-09 matched the type sequence of N.
sacchari-officinarum

strain

CGMCC

3.19335

(GenBank

Accession

Numbers:

NR_165926.1) with 99.4 and 99.6% sequence identity for ITS region, respectively.
For genus Plenodomus, one species, P. deqinensis (20-OP-SF-PLE-01) was
identified. The isolate 20-OP-SF-PLE-01 matched the type sequence of P. deqinensis strain
CGMCC 3.18221 NR_155677.1) with 94.0% sequence identity for ITS region. For genus
Sarocladium, one species, S. strictum (21-OP-SF-SAR-01) was identified. The isolate 21OP-SF-SAR-01 matched the type sequence of S. strictum strain CBS 346.70 (GenBank
Accession Numbers: NR_111145.1) with 99.2% sequence identity for ITS region. For
genus Sordaria, one species, S. tenerifae (20-OP-SF-SOR-01) was identified. The isolate
20-OP-SF-SOR-01 matched the type sequence of S. tenerifae strain CBS 264.86 (GenBank
Accession Numbers: NR_154227.1) with 99.4% sequence identity for ITS region. For
genus Tricharina, one species, T. hiemalis (21-OP-SF-TRI-01) was identified. The isolate
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21-OP-SF-TRI-01 matched the type sequence of T. hiemalis strain CBS 263.60 (GenBank
Accession Numbers: NR_145376.1) with 95.9% sequence identity for ITS region. For
genus Neocosmospora, one species, N. rubicola (21-OP-SF-NEO-01, 21-OP-SF-NEO-02
and 21-OP-SF-NEO-03) was identified. The isolate 21-OP-SF-NEO-01, 21-OP-SF-NEO02 and 21-OP-SF-NEO-03 matched the type sequence of N. rubicola strain CBS 101018
(GenBank Accession Numbers: NR_154227.1) with 100% sequence identity for ITS
region.
As for RI, considering Alternaria was the dominant endophytic genus in Nebraska
and South Dakota during 2019, the RI of Fusarium and Diaporthe genera was computed
as a percentage of the Alternaria genus as 38.6% and 8.8% in Nebraska and 21.4 and 35.7%
in South Dakota, respectively (Figure 2.2a and 2.2c). Similarly in North Dakota, Alternaria
was dominant in V4 and R5-R6 stage, however, Fusarium was dominant at R1-R2 stage
where RI for Alternaria and Diaporthe were 63.6% and 13.6%, respectively (Figure 2.2b).
During 2020, Alternaria was dominant across growth stages and RI for Fusarium and
Diaporthe was 16.3% and 3% in Nebraska and 8.8% and 4.1% South Dakota, respectively
(Figure 2.3a and 2.3c). In North Dakota Fusarium was dominant at V2-V4 stage and R1R2 stage, but Alternaria was dominant across the three growth stages and RI for Fusarium
and Diaporthe were 91.8% and 18.1% (Figure 2.3b). For 2021, Alternaria was the most
dominant endophyte in sunflower across locations where RI for Fusarium and Diaporthe
were 52.9% and 0% in North Dakota and 14.3 and 1.4% in South Dakota, respectively
(Figure 2.4b and 2.4c). In Nebraska, Fusarium was dominant in R1-R2 stage, however,
Alternaria was dominant across the growth stages where RI for Fusarium and Diaporthe
were 52.4% and 1.2%, respectively (Figure 2.4a).
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19-OP-SF-DIA-211
20-OP-SF-DIA-207
20-OP-SF-DIA-208
20-OP-SF-DIA-209
20-OP-SF-DIA-210
19-OP-SF-DIA-217
19-OP-SF-DIA-218
20-OP-SF-EPI-01
20-OP-SF-EPI-02
21-OP-SF-EPI-03
21-OP-SF-EPI-04
21-OP-SF-EPI-05
21-OP-SF-GIB-01
20-OP-SF-IRP-01
21-OP-SF-NIG-10
20-OP-SF-NIG-02
20-OP-SF-NIG-03
20-OP-SF-NIG-04
20-OP-SF-NIG-05
20-OP-SF-NIG-06
20-OP-SF-NIG-07
20-OP-SF-NIG-08
19-OP-SF-NIG-01
21-OP-SF-NIG-11
21-OP-SF-NIG-12

Isolate

2019
2020
2020
2020
2020
2019
2019
2020
2020
2021
2021
2021
2021
2020
2021
2020
2020
2020
2020
2020
2020
2020
2019
2021
2021

NE
ND
ND
ND
ND
ND
SD
NE
SD
NE
NE
SD
ND
SD
NE
SD
SD
SD
SD
ND
SD
ND
ND
SD
NE

Yeara Stateb
Diaporthe caulivora
D. caulivora
D. caulivora
D. caulivora
D. caulivora
D. longicolla
D. longicolla
Epicoccum endophyticum
E. layuense
E. italicum
E. layuense
E. layuense
Gibellulopsis serrae
Irpex lenis
Nigrospora magnoliae
N. magnoliae
N. magnoliae
N. magnoliae
N. magnoliae
N. magnoliae
N. magnoliae
N. magnoliae
N. magnoliae
N. osmanthi
N. sacchari-officinarum

Species identityc
CBS 127268
CBS 127268
CBS 127268
CBS 127268
CBS 127268
ATCC 60325
ATCC 60325
MFLUCC 19-0097
CGMCC 3.18362
CGMCC 3.18361
CGMCC 3.18362
CGMCC 3.18362
CBS 290.30
TNM F30495
MFLUCC 19-0112
MFLUCC 19-0112
MFLUCC 19-0112
MFLUCC 19-0112
MFLUCC 19-0112
MFLUCC 19-0112
MFLUCC 19-0112
MFLUCC 19-0112
MFLUCC 19-0112
CGMCC 3.18126
CGMCC 3.19335

Strain

E
valued
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Isolate
identitye (%)
100
100
100
100
100
100
100
98.81
100
100
99.79
100
100
93.53
97.79
97.62
97.81
97.84
97.82
97.88
97.67
97.74
97.89
100
99.4

Gapsf
(%)
0
0
0
0
0
0
0
0
0
0
0
0
0
2
1
0
0
3
0
0
0
0
3
0
0

Accession
numberg
NR_111845.1
NR_111845.1
NR_111845.1
NR_111845.1
NR_111845.1
NR_144924.1
NR_144924.1
NR_172436.1
NR_158265.1
NR_158264.1
NR_158265.1
NR_158265.1
NR_164414.1
NR_175186.1
NR_172443.1
NR_172443.1
NR_172443.1
NR_172443.1
NR_172443.1
NR_172443.1
NR_172443.1
NR_172443.1
NR_172443.1
NR_153474.1
NR_165926.1
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Yeara Stateb

Species identityc
Strain

E
Isolate
valued identitye (%)
0
99.77
-164
1×10
93.98
0
99.21
0
99.39
0
95.85
0
100
0
100
0
100
0
100.0
0
99.6
0
99.8
0
99.6
0
100.0
0
100.0
0
100.0
0
100.0

Gapsf
(%)
0
2
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Accession
numberg
NR_165926.1
NR_155677.1
NR_111145.1
NR_154227.1
NR_145376.1
NR_154227.1
NR_154227.1
NR_154227.1
MG654452.1
EU091058.1
MK968952.1
MN861801.1
LC546967.1
LC546967.1
MH822061.1
MT237747.1

20-OP-SF-NIG-09
2020
SD
N. sacchari-officinarum
CGMCC 3.19335
20-OP-SF-PLE-01
2020
NE
Plenodomus deqinensis
CGMCC 3.18221
21-OP-SF-SAR-01 2021 ND
Sarocladium strictum
CBS 346.70
20-OP-SF-SOR-01 2020
NE
Sordaria tenerifae
CBS 264.86
21-OP-SF-TRI-01
2021
SD
Tricharina hiemalis
CBS 263.60
21-OP-SF-NEO-01 2021 ND
Neocosmospora rubicola
CBS 101018
21-OP-SF-NEO-02 2021 ND
N. rubicola
CBS 101018
21-OP-SF-NEO-03 2021 ND
N. rubicola
CBS 101018
21-OP-FUS-062
2021
SD
Fusarium acuminatum
21-OP-FUS-063
2021 ND
F. oxysporum
21-OP-FUS-064
2021 ND
F. oxysporum
21-OP-FUS-065
2021 ND
F. sporotrichioides
21-OP-FUS-066
2021 ND
F. acuminatum
21-OP-FUS-067
2021 ND
F. acuminatum
21-OP-FUS-068
2021
SD
F. acuminatum
21-OP-FUS-069
2021
NE
F. boothii
a
Year of isolate collection
b
NE= Nebraska, ND= North Dakota, and SD = South Dakota.
c
Species identity was established from sequencing of the internal transcribed spacer region (ITS) or elongation factor subunit 1-𝛼 (EF1- 𝛼)
gene region. Isolates were selected as representative subsets of 2141 fungal isolates for species level-identification.
d
E value (Expect value) is a chance probability that there is another alignment with a similarity greater than the given S score (measure of
similarity of the query sequence); smaller the E value better the match.
e
Percent identity (%) is the percentage of characters that match exactly between the two different sequences.
f
Gaps represent parts where the query sequence have no counterparts.
g
Accession no. is the unique identifier for a record in sequence database.

Isolate
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Figure 2.2. Relative importance (RI) indices of Diaporthe, Fusarium and Alternaria at
different growth stages of sunflower in a. Nebraska (NE), b. North Dakota (ND) and c.
South Dakota (SD) in 2019. Growth stages of sunflower are V2 = two true leaves; V4 =
four true leaves; V6= six true leaves, R1 = miniature floral bud development, R2 =
immature bud elongated 0.2 to 2.0 cm above the nearest leaf, R5 = flowering, R6 = anthesis
completed (Schneiter and Miller 1981).
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Figure 2.3. Relative importance (RI) indices of Diaporthe, Fusarium and Alternaria at
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different growth stages of sunflower in a. Nebraska (NE), b. North Dakota (ND) and c.
South Dakota (SD) in 2020. Growth stages of sunflower are V2 = two true leaves; V4 =
four true leaves; V12 = twelve true leaves, R1 = miniature floral bud development, R2 =
immature bud elongated 0.2 to 2.0 cm above the nearest leaf, R5 = flowering, R6 = anthesis
completed, R7 = back of the head turning yellow (Schneiter and Miller 1981).
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Figure 2.4. Relative importance (RI) indices of Diaporthe, Fusarium and Alternaria at
different growth stages of sunflower in a. Nebraska (NE), b. North Dakota (ND) and c.
South Dakota (SD) in 2021. Growth stages of sunflower are V2 = two true leaves; V4 =
four true leaves; V8 = eight true leaves, R1 = miniature floral bud development, R2 =
immature bud elongated 0.2 to 2.0 cm above the nearest leaf, R5 = flowering, R6 = anthesis
completed, R7 = back of the head turning yellow (Schneiter and Miller 1981).
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Figure 2.5. Relative frequency (RF) of species of Diaporthe at different growth stages of
sunflower expressed in percentage out of total isolates of Diaporthe recovered from
sunflower plants sampled at different growth stages in Nebraska, North Dakota and South
Dakota during a. 2019, b. 2020 and c. 2021. Growth stages of sunflower are V2 = two true
leaves; V4 = four true leaves; V6 = six true leaves, V8 = eight true leaves, V12 = twelve
true leaves, R1 = miniature floral bud development, R2 = immature bud elongated 0.2 to
2.0 cm above the nearest leaf, R5 = flowering, R6 = anthesis completed, R7 = back of the
head turning yellow (Schneiter and Miller 1981).
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Endophytic species of Diaporthe were recovered from early vegetative stage to
reproductive stage of sunflower in all location years (Figure 2.2, 2.3, and 2.4). Among the
Diaporthe species, D. gulyae and D. helianthi were frequently recovered from South
Dakota (Figure 2.5). Similarly, D. longicolla was dominant in North Dakota whereas D.
gulyae was most frequently isolated from Nebraska (Figure 2.4).
2.4.2 Effect of weather variables on the presence of endophytic Diaporthe
Among different weather parameters, the best fitted full model using the number of
days with a minimum of 0.25 mm precipitation, the number of days with mean RH > 80%,
mean temperature and total precipitation during the 30 days period prior to sampling as
predictors, had a lower AIC (39.84) with 90.9% sensitivity, 61.5% specificity and 80.0%
accuracy (Table 2.5). The probability of prevalence of endophytic Diaporthe was explained
by the full model as 𝑃(𝑌 = 1) =

#9:(<=.?@ A B.CD E" A B.?D E# A B.64 E$ <B.B@ E% )

, where 𝑋4

( 4 A #9:[<=.?@ A B.CD E" A B.?D E# A B.64 E$ <B.B@ E% ])

is the number of days with a minimum of 0.25 mm precipitation, 𝑋6 is the number of days
with mean RH > 80%, 𝑋? is the mean temperature (°C) and 𝑋@ is the total precipitation
(mm) during a 30 days period prior to sampling. Among the four parameters, the number
of precipitation days showed a significant association with the presence of endophytic
Diaporthe in sunflower. According to the model, at least 13 days of precipitation during a
30 days period is important for presence of endophytic Diaporthe in sunflower. Upon
cross-validation, 2020 and 2021 data for training model, the model correctly predicted the
prevalence of Diaporthe (sensitivity) by 60.0%, the non-prevalence (specificity) by
100.0% and had an overall accuracy of 63.6% in the 2019 observation. Using 2019 and
2021 data for training model, the model correctly predicted the prevalence of Diaporthe
(sensitivity) by 60.0%, the non-prevalence (specificity) by 50.0% and had an overall
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accuracy of 55.6% in the 2020 observation. Similarly, using 2019 and 2020 data for
training model, the model correctly predicted the prevalence of Diaporthe (sensitivity) by
50.0%, the non-prevalence (specificity) by 57.1% and had an overall accuracy of 55.6% in
the 2021 observation.
Table 2.5. Accuracy, sensitivity and specificity for full model and cross validation
Category
Accuracy (%)
Sensitivity (%)
Specificity (%)

Overall
80.0
90.9
61.5

2019 as test
63.6
60.0
100.0

Cross validation
2020 as test
55.6
60.0
50.0

2021 as test
55.6
50.0
57.1

Upon testing of each parameter, the number of precipitation days during 30 days
prior to sampling showed significant association with the presence of endophytic
Diaporthe in sunflower. The reduced fitted model to the data had a lower AIC (38.09) with
86.36% sensitivity, 61.54% specificity and 77.14% accuracy. The probability of
prevalence of endophytic Diaporthe was explained by the model as 𝑃(𝑌 = 1) =
𝑒𝑥𝑝(−2.93 + 0.44 X)⁄(1 + 𝑒𝑥𝑝[2.93 + 0.44 X]), where X is the number of days with
a minimum of 0.25 mm precipitation. The model indicates that with every unit increase in
number of precipitation days, the log odds ratio will increase by 0.438. The model revealed
that at least seven days of precipitation during the 30 days period is associated with
prevalence of endophytic Diaporthe in sunflower. Upon cross validation with 2019 data,
the model correctly predicted the prevalence of Diaporthe (sensitivity) by 60.0%, the nonprevalence (specificity) by 50.0% and had an overall accuracy of 66.7%. Upon cross
validation with 2020 data, the model correctly predicted the prevalence of Diaporthe
(sensitivity) by 80.0%, the non-prevalence (specificity) by 50.0% and had an overall
accuracy of 66.7%. Upon cross validation with 2020 data, the model correctly predicted
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the prevalence of Diaporthe (sensitivity) by 100.0%, the non-prevalence (specificity) by
28.6% and had an overall accuracy of 44.4%.
Table 2.6. Accuracy, sensitivity and specificity for reduced model and cross validation
Category
Accuracy (%)
Sensitivity (%)
Specificity (%)

Overall
77.1
86.4
61.5

2019 as test
54.6
60.0
0.0

Cross validation
2020 as test
66.7
80.0
50.0

2021 as test
44.4
100.0
28.6

2.4.3 Pathogenicity tests for endophytic isolates of Diaporthe
For each Diaporthe species, Fligner-Killeen test for homogeneity of variances for
two experiments were not significant (D. helianthi [P = 0.52], D. gulyae [P = 0.13], D.
longicolla [P = 0.34], and D. caulivora [P = 0.60]) and the two experiments were
combined for each Diaporthe species for further analysis.
On D. helianthi, a significant interaction effect was observed for isolates and
inoculation method (ATS = 4.6; df = 1; P = 0.03). The relative treatment effect (RTE)
caused by isolate DIA-178 on sunflower plants was significantly lower in mycelium
contact inoculation method than stem-wound method (Table 2.7). However, the symptom
development on isolate DIA-177 did not differ between the two inoculation methods (Table
2.7).
On D. gulyae, a significant interaction effect was observed for isolates and
inoculation method (ATS = 6.1; df = 1; P = 0.01). RTE for both isolates, DIA-205 and
DIA-190, was significantly lower in mycelium contact method than the stem wound
method (Table 2.8). Isolates did not differ in stem wound method but isolate DIA-205 had
significantly higher RTE than the isolate DIA-190 in mycelium contact method (Table 2.8).
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For D. longicolla, there was no significant interaction effect between the isolates
and inoculation method (ATS = 8.6 ×10-3; df = 1; P = 0.93) on disease severity. However,
a significant effect of inoculation methods (ATS = 48.4; df = 1; P = 3.5 ×10-12) was
observed on RTE. The RTE was significantly lower in mycelium contact method than the
stem wound method (Table 2.9). But isolates (ATS = 1.5; df = 1; P = 0.22) did not show
significant effect on RTE.
For D. caulivora, there was no significant interaction effect between the isolates
and inoculation method (ATS = 1.3 ×; df = 1; P = 0.25) on disease severity. However, a
significant effect of inoculation methods (ATS = 88.1; df = 1; P = 6.3 ×10-21) was observed
on RTE. The RTE was significantly lower in mycelium contact method than the stem
wound method (Table 2.10). But isolates (ATS = 0.04; df = 1; P = 0.83) did not show
significant effect on RTE.
Table 2.7. Median rating, mean rank, and relative treatment effects for Phomopsis
stem canker to determine the interaction effect between inoculation methods and
isolates of D. helianthi at 20 DAI in the greenhouse
Median
Mean rank
RTEb
Lower Upper
a
Score
limit
limit
DIA-177 Mycelium contact
5
31.16
0.48 ab
0.39
0.57
Stem wound
5
39.50
0.61 a
0.57
0.65
DIA-178 Mycelium contact
2
19.84
0.30 b
0.22
0.42
Stem wound
5
39.50
0.61 a
0.57
0.65
a
th
Median Phomopsis stem canker severity rating evaluated on 20 days after inoculation at
0-5 scale (Mathew et al. 2015).
4
4
b
Relative treatment effects (RTE) was calculated from the mean rank as 𝑝̂ 3 = 5(𝑅I -6) [where
Isolate

Method

𝑅I (mean rank)=

4

&!

!
∑&784
𝑅ik (Akritas 1991), 𝑅I = the mean rank for the ith treatment, and

Rik = the rank of Xik among all N observations, N = the total number of observations (Shah
and Madden 2004)] and the RTE comparisons were performed using 95% confidence
intervals. Letters followed by the same letters within each column are not significantly
different at P < 0.05.
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Table 2.8. Median rating, mean rank, and relative treatment effects for Phomopsis
stem canker to determine the interaction effect between inoculation methods and
isolates of D. gulyae at 20 DAI in the greenhouse
Isolate

Method

Median
Scorea

Mean rank

RTEb

Lower
limit

Upper
limit

DIA-190

Mycelium contact
1
13.00
0.20 c
0.15
0.29
Stem wound
4
42.81
0.66 a
0.61
0.71
DIA-205 Mycelium contact
4.5
30.03
0.46 b
0.37
0.56
Stem wound
5
44.16
0.68 a
0.62
0.73
a
Median Phomopsis stem canker severity rating evaluated on 20th days after inoculation at
0-5 scale (Mathew et al. 2015).
b

4

4

Relative treatment effects (RTE) was calculated from the mean rank as 𝑝̂ 3 = 5(𝑅I -6) [where

𝑅I (mean rank)=

4

&!

!
∑&784
𝑅ik (Akritas 1991), 𝑅I = the mean rank for the ith treatment, and

Rik = the rank of Xik among all N observations, N = the total number of observations (Shah
and Madden 2004)] and the RTE comparisons were performed using 95% confidence
intervals. Letters followed by the same letters within each column are not significantly
different at P < 0.05.
Table 2.9. Median rating, mean rank, and relative treatment effects for Phomopsis
stem canker to determine the effect of inoculation methods and isolates of D.
longicolla at 20 DAI in the greenhouse
Median Mean rank
RTEb
Lower Upper
a
Score
limit
limit
Mycelium contact
0
21.00
0.32 b
0.29
0.37
Stem wound
2
44.00
0.68 a
0.63
0.71
DIA-202
1
30.63
0.47
0.43
0.51
DIA-204
1
34.38
0.53
0.49
0.57
a
th
Median Phomopsis stem canker severity rating evaluated on 20 days after inoculation at
0-5 scale (Mathew et al. 2015).
4
4
b
Relative treatment effects (RTE) was calculated from the mean rank as 𝑝̂ 3 = 5(𝑅I -6) [where
Isolate

Method

𝑅I (mean rank)=

4

&!

!
∑&784
𝑅ik (Akritas 1991), 𝑅I = the mean rank for the ith treatment, and

Rik = the rank of Xik among all N observations, N = the total number of observations (Shah
and Madden 2004)] and the RTE comparisons were performed using 95% confidence
intervals. Letters followed by the same letters within each column are not significantly
different at P < 0.05.
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Table 2.10. Median rating, mean rank, and relative treatment effects for Phomopsis
stem canker to determine the effect of inoculation methods and isolates of D. caulivora
at 20 DAI in the greenhouse
Median
Mean rank RTEb Lower Upper
Scorea
limit
limit
0
17.67
0.27 b
0.25
0.32
Mycelium contact
4
47.33
0.73 a
0.68
0.75
Stem wound
2
32.20
0.50
0.46
0.53
DIA-210
3
32.80
0.50
0.47
0.54
DIA-211
a
th
Median Phomopsis stem canker severity rating evaluated on 20 days after inoculation at
0-5 scale (Mathew et al. 2015).
4
4
b
Relative treatment effects (RTE) was calculated from the mean rank as 𝑝̂ 3 = 5(𝑅I -6) [where
Isolate

Method

𝑅I (mean rank)=

4

&!

!
∑&784
𝑅ik (Akritas 1991), 𝑅I = the mean rank for the ith treatment, and

Rik = the rank of Xik among all N observations, N = the total number of observations (Shah
and Madden 2004)] and the RTE comparisons were performed using 95% confidence
intervals. Letters followed by the same letters within each column are not significantly
different at P < 0.05.
For completing Koch’s postulates, D. helianthi and D. gulyae were recovered from
the plants inoculated using the stem wound and mycelial contact inoculation methods and
the pathogen identity was confirmed by qPCR assay (Elverson et al. 2020). D. caulivora
was recovered from the plants inoculated only using stem-wound inoculation method and
the fungal identity was confirmed by qPCR assay (Kontz et al. 2016). Diaporthe longicolla
was not isolated from the plants sampled from the two experiments. No fungi were
recovered from the control plants.

2.5 Discussion
In this study, we identified endophytic fungal genera in sunflower across three
growth stages in nine location years through a culture-dependent method. The fungal
species were identified using qPCR assay or sequencing of ITS or EF1-α gene region. We
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observed 17 fungal genera (Alternaria, Apiospora [syn. Arthrinium], Ceriporiopsis,
Chaetomium,

Colletotrichum,

Clonostachys,

Diaporthe,

Epicoccum,

Fusarium,

Gibellulopsis, Irpex, Neocosmospora, Nigrospora, Plenodomus, Sarocladium, Sordaria
and Tricharina) in sunflower. Among them, Alternaria (Škrinjar et al. 2012; Robertson et
al. 1985), Fusarium (Robertson et al. 1985), Cladosporium (Škrinjar et al. 2012),
Chaetomium (Souza-Motta et al. 2003; Robertson et al. 1985), Colletotrichum [causing
anthracnose] (Sun et al. 2020; Sun and Liang 2018; Koike et al. 2009), Diaporthe (Mathew
et al. 2018, 2015; Debaeke et al. 2003), Epicoccum (Milošević et al. 2019), Nigrospora
(Robertson et al. 1985), Plenodomus (Gomzhina and Gannibal 2020; Harveson et al. 2018)
and Sordaria (Souza-Motta et al. 2003; Robertson et al. 1985) were previously reported in
sunflower. Among the fungal genera, Alternaria was dominant across the growth stages
(V2-V4 to R5-R7), years and locations except R1-R2 stage in North Dakota (2019), V2V4 and R1-R2 stage in North Dakota (2020) and R1-R2 stage in Nebraska (2021). Relative
importance of Diaporthe was lower than Alternaria and Fusarium except at South Dakota
during 2019 where RI for Diaporthe was higher than Fusarium in V2-V4 and V12-R1
stage of sunflower.
Among the fungal endophytes identified across the growth-stage, location, and
years, 57.73% of the isolates belonged to the Alternaria genus in sunflower. Similar
observations were made by Mostert et al. (2000) in grape vine and by Batzer and Mueller
(2020) in soybean and this may be because Alternaria might have some competitive
advantage over other fungal genera (Mostert et al. 2000). As a ubiquitous fungus,
Alternaria can live saprophytically and sporulate in soil or dead plant tissues (Hodgson et
al. 2014; Hayes 1979). They are host non-specific and are opportunistic colonizers in many
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plants (Hodgson et al. 2014; Rodriguez et al. 2009). Serdani et al. (1998) found even
distribution of Alternaria across the tissues of apple (Malus domestica L.). Vertical
transmission of Alternaria was also reported in forbs (Centaurea cyanus, C.
nigra, Papaver rhoeas, Plantago lanceolata, Rumex acetosa, and Senecio vulgaris)
(Hodgson et al. 2014). Alternaria alternata (Wang et al. 2019; Lagopodi and
Thanassoulopoulos 1998), A. tenuissima (Wang et al. 2019; Basak and Mridha1985), A.
helianthi (Udayashankar et al. 2012; Carson 1985) and other species are associated with
Alternaria leaf blight in sunflower (Wang et al. 2019; Lagopodi and Thanassoulopoulos
1998).
After Alternaria, Fusarium was the second dominant genus and 23.4% of the
isolates were recovered. Fusarium sporotrichoides Sherb. And F. acuminatum Ellis and
Everhart were already reported to cause disease on sunflower in the United States (Mathew
et al. 2010). Similarly, F. oxysporum Schlechtend. And F. solani (Martius) were also
previously reported from sunflower (Antonova et al. 2002). There are examples of
Fusarium (e.g., F. moniliforme Sheldon) which either has short endophytic phase or never
cause symptom development in host and this endophytic relationship was identified
microbiological, microscopic, and molecular and genetic methods (Kuldau and Yates
2000). For example, F. oxysporum was endophyte in Juniperus 63ute63ni Buch (Kour et
al. 2008) and F. moniliforme in corn (Bacon and Hinton 1996). Unlike Alternaria and
Fusarium, the recovery of isolates belonging to Diaporthe genus was only 3.64% in
sunflower and similar observation was made by Mostert et al. (2000) for grapevine. Lower
frequency of Diaporthe might be because of low and less frequent precipitation as wet
conditions are favorable for infection and spread of species of Diaporthe such as D.
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longicolla (Hobbs) Santos, Vrandecic & Phillips in soybean (Sinclair 1993; Wyllie and
Scott 1988; Shortt et al. 1981; Lehman 1923).
Considering the importance of Phomopsis stem canker in the sunflower producing
states of Nebraska, North Dakota, and South Dakota and association of the disease with
species of Diaporthe, we evaluated the effect of weather variables (temperature, relative
humidity, total precipitation, and number of days with precipitation) on the presence of
endophytic Diaporthe. We used binary logistic regression technique using weather
variables as predictors and presence of endophytic Diaporthe as response variable. Among
the four parameters (the number of days with precipitation, the number of days with mean
RH > 80%, mean temperature and total precipitation during the 30 days period prior to
sampling) tested by the full model, the number of precipitation days was significantly
associated with the presence of Diaporthe. Keeping other parameters unchanged, at least
13 days of precipitation the during 30 days period is essential for presence of endophytic
Diaporthe in sunflower. In reduced model with number of days with precipitation as
predictors, quality of prediction and fit of model went down. However, in both the models,
the number of days with precipitation for 30 days period prior to sampling was significantly
associated with the prevalence of endophytic Diaporthe in sunflower. As compared to 2020
and 2021, total precipitation and number of precipitation days were higher during 2019 in
the three locations (Table 2.2) . We identified that the number of precipitation days, 30
days prior to sampling (V2-V4 to R6-R7 stage) was significantly associated with the
presence of endophytic Diaporthe in sunflower. Our observation agrees with the studies
by Giauque and Hawkes (2016), Giauque and Hawkes (2013), Zimmerman and Vitousek
(2012), Devarajan and Suryanarayanan (2006), and Carroll and Carroll (1978) that
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precipitation can significantly affect the endophyte community composition. For example,
Giauque and Hawkes (2016) studied the precipitation and temperature pattern in endophyte
communities of the grass Panicum hallii Vasey and found greater endophyte diversity at
wetter sites with high rainfall. In sunflower, frequent, and abundant precipitation from R1
to R5/R6 stage is favorable for successful infection of D. helianthi but temperatures higher
than 32°C is deleterious for fungal growth and may kill the mycelium of the fungi (Debaeke
and Moinard 2010; Pe´re`s and Regnault 1988). Moschini et al. (2019) found that
precipitation, dew, relative humidity, thermal amplitude, or their combination are
important in determining the ascospore release. However, excessive precipitation may
disturb the internal pressure buildup in ascus, ultimately affecting the ascospore discharge
and may also lead to the washing of spores, thus preventing them to reach leaves for
infection.
To determine if the endophytic species of Diaporthe are pathogenic on sunflower
under greenhouse conditions, two isolates each of D. helianthi, D. gulyae, D. longicolla
and D. caulivora were inoculated with stem wound and mycelium contact inoculation
methods. For D. helianthi and D. gulyae, there was significant effect of interaction between
isolates and inoculation methods on RTE associated with Phomopsis stem canker severity
at 20DAI. The isolates of D. gulyae differed in their aggressiveness to cause symptoms of
Phomopsis stem canker (stem discoloration) at 20 DAI, when the plants were inoculated
using the mycelium contact method. Isolate DIA-190 and DIA-205 of D. gulyae and isolate
DIA-178 of D. helianthi had significantly higher RTE in stem wound method than the
mycelium contact method. Similarly, the RTE for stem-wound method was significantly
higher (p < 0.001) than the mycelium contact method for D. longicolla and D. caulivora.
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Upon reisolating the fungi from 12.7 cm above the inoculation point, D. helianthi and D.
gulyae were recovered in both inoculation methods but D. caulivora was recovered from
stem wound inoculation method only. However, we were not able to reisolate the D.
longicolla in both methods and D. caulivora in mycelium contact method. This indicates
that the endophytic species of Diaporthe (D. helianthi and D. gulyae) can be pathogenic
under favorable conditions. Additionally, we identified two more species of Diaporthe, D.
longicolla and D. caulivora, which are associated with Phomopsis stem canker in
sunflower. Inoculation methods had significant effect on symptom development for the
four species of Diaporthe where RTE was significantly higher in stem-wound method than
the mycelium contact method. Similar observations were made by Thompson et al. (2011),
who tested for pathogenicity of fourteen Diaporthe isolates using stem wound and
mycelium contact methods in sunflower and virulence varied among the isolates. Like in
their study, in our experiment, symptoms developed 5 to 7 days earlier on plants inoculated
with stem-wound method when compared to mycelium contact method. Similarly, Ghimire
et al. (2019) studied four inoculation methods (stem-wound, toothpick, spore injection and
mycelium contact) to study five isolates each of D. aspalathi, D. caulivora and D.
longicolla in soybean and observed significantly higher RTE in stem-wound method and
toothpick method than the mycelium contact and spore injection method. Symptom of
Phomopsis stem canker is visible on stem, generally, at 20-25 days after for Diaporthe
infects on leaf of sunflower (Mathew et al. 2018, Pinochet 1995). Earlier symptom
development and greater disease incidence in the wounding method might be due to the
quick establishment of the fungus through the wounds and could effectively work under
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short incubation periods (time from infection to symptom development) (Ghimire et al.
2019).
Overall, our study revealed that multiple species of Diaporthe can live
endophytically in sunflower. To our knowledge, this study is reporting the presence of D.
longicolla and D. caulivora for the first time in sunflower in the U.S. Although we
observed stem discoloration/necrosis around the inoculation point, we were not able to reisolate the D. longicolla and D. caulivora (in mycelial contact method) from stem tissues
near the inoculation point, which indicates that these organisms may not be pathogenic on
sunflower. However, identification of these organisms as endophytes indicates new
perspectives on diversity of Diaporthe species on sunflower. First, D. longicolla and D.
caulivora are known to cause Phomopsis seed decay and northern stem canker of soybean,
respectively (Petrović et al. 2021, Mena et al. 2020, Olson et al. 2015; Berkland 2011;
Wyllie and Scott 1988) and their isolation from asymptomatic sunflower was coincidental.
Given that morphological identification of species of Diaporthe is not reliable (van
Rensburg et al. 2006), identification of D. longicolla and D. caulivora was made possible
through use of quantitative polymerase chain reaction assays (Kontz et al. 2016). Second,
these species were possibly an endophyte associated with other hosts (such as soybean;
Petrovic et al. 2021) that switched to sunflower as part of their adaptive ability (Bleuven
and Landry 2016). Third, we speculate that asymptomatic infection of sunflower by D.
longicolla and D. caulivora is because these organisms were not compatible with the host
under the given environmental, ecological or host physiological conditions. However,
considering D. longicolla cause Phomopsis seed decay and D. caulivora is the causal agent
of northern stem canker in soybean (Petrović et al. 2021, Mena et al. 2020; Olson et al.
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2015; Berkland 2011; Wyllie and Scott 1988), it is possible that sunflower can serve as a
source of inoculum for these fungi and affect soybean production, when the two crops are
grown in proximity such as in the Dakotas. If this is the case, factors leading to
asymptomatic infections of sunflower by these organisms need additional investigation.
Additionally, future studies are needed on identification of factors affecting the transition
from endophytic to pathogenic phase of Diaporthe in sunflower.
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CHAPTER 3
Assessment of effect of quinone outside inhibitor (QoI) fungicide on endophytic
fungal community in sunflower

3.1 Abstract

Foliar fungicides are used for management of diseases in sunflower (Helianthus
annuus L.). Prophylactic application of quinone outside inhibitor (QoI) fungicides has been
proposed in sunflower at R1 (miniature floral bud initiation) growth stage. In addition,
these fungicides have been associated with delayed plant senescence and extended
photosynthetic activity of the host. Currently, there is no information on the effect of QoI
fungicides on entophytic fungal community in sunflower. From 2019 to 2021, field trials
were conducted in Nebraska, North Dakota, and South Dakota to study the effect of an QoI
fungicide on diversity of endophytic fungi in sunflower. Trials were conducted in a
randomized complete block design with four replications and the effect of pyraclostrobin,
a QoI fungicide, was compared with non-treated control (NTC). The pyraclostrobin
fungicide was sprayed at R1 growth stage of sunflower at an application rate of 438.5 mL
ha-1. Stem samples from three to six plants were collected two to three weeks after
fungicide application and endophytic fungi were isolated by culture dependent method.
Putative fungal isolates were identified by morphological characteristics, sequencing of the
internal transcribed spacer (ITS) or the translation elongation factor 1-alpha (EF1-𝛼) genes
and the quantitative polymerase chain reaction (qPCR) assays. After the fungal identity
was established, the frequency of isolation (FI) was assessed for Alternaria, Fusarium and
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Diaporthe which were dominant. Analysis of FI for each genus using beta regression
indicated that application of pyraclostrobin did not show significant effect on FI of the
three genera. The results of this study show that sunflower growers should consider
carefully before prophylactic application of QoI fungicide in the absence of foliar diseases,
as it may not be helpful to reduce the incidence of pathogenic endophytes in sunflower.

3.2 Introduction
Endophytes are organisms that live within the host and not causing apparent harm
to the host (Brader et al. 2017; Petrini 1991). However, these organisms may become
pathogenic when there is a change in genetic material of endophyte (Hrycan et al. 2020;
Sieber 2007) or stressors (such as drought, poor soil nutrition, host wounding etc.) occur
that can cause the host to become susceptible (Hrycan et al. 2020; Stone et al. 2000; Petrini
1991).
Based on transmission, endophytes are broadly classified into two classes:
clavicipitaceous and non-clavicipitaceous (Rodriguez et al. 2009). Clavicipitaceous are
systemic within their grass hosts and are vertically transmitted. However, nonclavicipitaceous endophytes are, generally, transmitted horizontally (Rodriguez et al. 2009)
and the prevailing environment and the demography can affect the composition of these
endophytes (Batzer and Mueller 2020; Giauque and Hawkes 2013; U’Ren et al. 2012;
Arnold 2007). The endophytic community can be affected naturally by changes in
environmental conditions and soil types (da Costa Stuart et al. 2018) or because of crop
management practices (Batzer and Mueller 2020). For example, the type of host genotype
can affect the endophytic diversity in common bean (Phaseolus vulgaris L.) (Parsa et al.
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2016). Application of agrochemicals can affect the endophytic community in plants (da
Costa Stuart et al. 2018; Stuart et al. 2010). As an example, da Costa Stuart et al. (2018)
studied the effect of agrochemicals (triflumuron and fenoxaprop-P-ethyl) in conventional
organic soybean (Glycine max L.) cultivation on endophytic fungal community. They
observed reduced diversity, evenness, and richness of endophytes in the conventional
cultivation than organic culture system of soybean. Additionally, the chemical application
increased frequency of some fungal genera and induced ecological imbalance in the
endophytic fungal microbiota in the crop.
Karlsson et al. (2014) studied the effect of fungicides (azoxystrobin, bixafen,
cyprodinil, difenoconazole, fenpropimorph, metrafenone, picoxystrobin, prochloraz,
propiconazole, prothioconazole and/or pyraclostrobin) on fungal community in leaves of
winter wheat (Triticum aestivum L.) in field trials. They collected leaf samples from the
second leaf from the top and identified the epiphytic and endophytic fungi by DNA
extraction and sequencing. In wheat leaves, fungicide application caused moderate but
significant difference in fungal community composition and negatively affected the
community evenness. However, there was no significant effect of fungicides on relative
abundance of common wheat pathogens (except Puccinia striiformis). Prior et al. (2017)
studied the impact of three fungicides [azoxystrobin (Ortiva Universal Pilz-frei @ 7 mL 4
L-1 water), copper (Atempo Kupfer-Pilzfrei @ 60 mL 4 L-1 water) and sulfur (NetzSchwefelit WG @1 bag 4 L-1 water)] on fungal community of common bean (Phaseolus
vulgaris L.) and broad bean (Vicia faba L.). They collected leaf samples one day before
fungicide application, one week after application and five weeks after application. Using
the culture-based method for identification, they found significant effect of fungicides on
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endophytic community where azoxystrobin application had lower endophytic community
diversity as compared to sulfur and copper fungicide application. Harvey et al. (1982)
tested effect of several fungicides against Lolium endophyte in ryegrass through foliar
application and seed treatment. Among the seven foliar fungicides (propiconazole,
triadimefon, diclobutrazol, prochloraz, imazalil, benomyl and procymidone), only
propiconazole significantly reduced the numerical infection index (NII) of endophyte. In
seed treatment, prochloraz completely (100%) and propiconazole partially (70-100%)
controlled the endophytic fungi in ryegrass seedlings in greenhouse experiments (Harvey
et al. 1982). Gamboa Gaitan et al. (2005) studied the effect of two broad spectrum systemic
fungicides (benomyl and propiconazole) in endophytic fungi of a tropical tree Guarea
84ute84nia (L) Sleumer. They sprayed plants in every four days for three weeks and found
that benomyl significantly reduced frequency of Diaporthe (syn. Phomopsis) and did not
affect frequency of Colletotricum, but propiconazole significantly reduced frequency of
Colletotricum and did not affect the frequency of Diaporthe. Both fungicides significantly
reduced the frequency of Phyllosticta.
Several fungal endophytes can become pathogenic and cause disease in their host.
For example, Diaporthe spp. cause Phomopsis stem canker which causes yield loss of over
40% in sunflower (Helianthus annuus L.) (Debaeke et al. 2003). Generally, symptoms of
Phomopsis stem canker are visible on the leaves of the sunflower plants when they reach
flowering stage (Masirevic and Gulya 1992). Use of partially resistant commercial hybrids,
following at least three-year rotation with non-host, tillage and FRAC 11 (Quinone outside
inhibitors, QoI) fungicides are adopted for management of the disease (Markell et al. 2020;
Mathew et al. 2018; Olson 2017; Bradley et al. 2007).
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Although, the effect of QoI fungicides has been studied to reduce the severity of
Phomopsis stem canker and increase yield, we do not have information on the effect of QoI
fungicide on endophytic fungal community in sunflower. On soybean (Glycine max L.),
Batzer and Mueller (2020) studied the application of QoI based fungicide (fluxapyroxad +
pyraclostrobin) at pod development (R3) growth stage in soybean and found a significant
increase in incidence of endophytic Diaporthe in leaf and stem, but a significant decrease
in incidence of Alternaria in leaf. Therefore, this study was conducted to determine the
effect of foliar application of a QoI fungicide, pyraclostrobin, at R1 growth stage of
sunflower on the dominant endophytic fungal genera.

3.3 Materials and methods
3.3.1 Field experiments
Field trials were conducted in Nebraska (Panhandle Research Center, Scottsbluff),
North Dakota (BASF North Dakota Research Farm, Davenport) and South Dakota (Felt
Farm, Brookings) during 2019, 2020 and 2021 to compare the effect of QoI fungicide on
endophytic fungal community in sunflower. The sites had a history of Phomopsis stem
canker in Nebraska and South Dakota but no disease history in North Dakota. Trials were
conducted in randomized complete block design with four replications in each locationyear evaluating a QoI fungicide with a no-spray control. Each plot was 9.14 to 21.34 m
long and 3.05 m wide comprising four rows at 0.76 m row to row spacing (Table 3.1). The
trials were planted with commercial hybrids susceptible to Phomopsis stem canker and
other foliar diseases [Legend seeds (De Smet, SD)] during June in Nebraska and South
Dakota and May-June in North Dakota with a seeding rate of 39,536 to 44,478 seeds ha-1
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for non-oil type and 44,478 to 49,420 seeds ha-1for oil type sunflower (Table 3.1). A QoI
fungicide, Headline (pyraclostrobin, FRAC 11, BASF, Research Triangle Park, NC) was
applied at the label-rate of 438.5 mL ha-1 (6 fl oz A-1) at miniature floral head formation
(R1) growth stage (Schneiter and Miller 1981) with flat-fan nozzle at 206.8 kPa pressure
using a CO2-powered backpack sprayer at water volume of 187 L ha-1 to 281 L ha-1 in all
trials, except South Dakota during 2020 and 2021 where a tractor-mounted boom sprayer
at water volume of 281 mL ha-1 was used. No spraying was done for no-spray control plots.
Table 3.1. Details of experimental sites used for endophyte study
Locationa
Year Planting date
Type
Hybrid name
Plot length (m)
Scottsbluff, NE 2019
6/13/19
Non-oil PANTHER DXM
9.14
Scottsbluff, NE 2020
6/8/20
Non-oil PANTHER DXM
9.14
Scottsbluff, NE 2021
6/18/21
Non-oil PANTHER DXM
9.14
Davenport, ND 2019
5/21/19
Oil
N4HM354
21.34
Davenport, ND 2020
6/16/20
Oil
N4HM354
21.34
Davenport, ND 2021
5/11/21
Oil
N4HM354
21.34
Brookings, SD
2019
6/5/19
Non-oil
RH400CL
15.24
Brookings, SD
2020
6/1/20
Non-oil
X4334
15.24
Brookings, SD
2021
6/9/21
Oil
N4HM354
15.24
a
Location of experiments: NE = Nebraska, ND = North Dakota, SD =South Dakota.
Plants were sampled once at two to three weeks after spraying. During 2019, six
plants were randomly selected from the middle two rows of each plot, cut into small pieces,
bulked and six stem samples (~1 cm long) from each plot were randomly taken for fungal
isolation. Drought season during 2020 and 2021 compromised seed germination, and as a
result, three plants were randomly selected from the middle two rows of each plot and two
stem samples (~1 cm long) were randomly selected from the upper, middle, and lower
portion of stem. During sampling, symptoms of Phomopsis stem canker were recorded at
10 plants from the middle two rows in each plot using the 0-to-5 disease rating scale
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(Mathew et al. 2015) where 0 = no discoloration, 1 = low level of discoloration at site of
inoculation; 2 = slight discoloration or lesion length of 1-2 mm; 3 = necrotic lesions of
length 2-5 mm, some colored stem streaking, leaf wilting, and twisting; 4 = lesion length
of 5 to 10 mm, significant necrosis, plant wilting, stunting, and some lodging; and 5 =
lesions exceeding 10 mm in length, severe leaf necrosis, lodging, and plant death.
Sunflower heads were harvested from the middle two rows of each plot and the grain yield
(kg ha-1) was adjusted to 10% moisture (Duffeck et al. 2020).
3.3.2 Isolation and identification of fungal isolates
The stem pieces were rinsed in running tap water for two minutes. Further, the stem
pieces were surface sterilized in sodium hypochlorite (0.6%) for two minutes and in ethanol
(70%) for 30 seconds, and then washed twice in autoclaved distilled water. The washed
sample pieces were dried in autoclaved paper towels and placed into Petri-dish plates
containing potato dextrose agar (PDA) (Leslie and Summerell 2006) amended with
streptomycin (0.3 g L-1) to control bacterial contamination and incubated at 25°C. During
three to 15 days of incubation, hyphae of colonies of putative fungal species observed on
PDA were transferred into fresh PDA plates and incubated for seven to 14 days under the
conditions as described previously. The morphological and cultural characteristics such as
color and colony appearance, and type of spores (Udayanga et al. 2011; Leslie and
Summerell 2006; Barnett and Hunter 1972) were used to identify the isolates to genus level.
The effectiveness of surface-sterilization was confirmed by the lack of growth of any other
fungi on PDA (Schulz et al. 1993).
For DNA extraction, approximately 20 mg of mycelium was scraped from the
surface of 10-day-old pure cultures with a glass coverslip and ground with liquid nitrogen
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using an autoclaved mortar and pestle. DNA of each isolate was extracted with the Wizard
Genomic DNA purification kit (Promega Corporation, Madison, WI), and the
concentration was measured with a NanoDrop Spectrophotometer (NanoDrop
Technologies, Wilmington, DE). For all isolates, the ITS gene region was amplified using
ITS1 and ITS4 primers (White et al. 1990). For isolates suspected of belonging to the
Fusarium genus, the EF1-α gene region of the isolates was amplified and sequenced using
the primer pair EF1F/EF1R (Geiser et al. 2004). All polymerase chain reaction (PCR) was
performed in a solution (25.0 μL) containing 2.0 μL of fungal DNA (10 ng/μL), 9.0 μL of
sterile distilled water, 10 µM each of forward and reverse primer (0.75 μL), and 12.5 μL
of Taq PCR Master Mix solution (Qiagen, Valencia, CA). The PCR amplicons were
sequenced at Genscript Biotech (Piscataway, NJ). The edited consensus sequences were
matched to those in National Center for Biotechnology Information (NCBI) of FusariumID (http://isolate.fusariumdb.org/) using Basic Local Alignment Search Tool Nucleotide
(BLASTN) and the isolates were identified to species level by comparing their gene
sequences with those of the type isolates. The DNA sequences in this study were deposited
in GenBank under accession number ON310899, ON310901 and ON310951 to
ON310963. Additionally, the identity of Diaporthe isolates were confirmed using the
quantitative polymerase chain reaction assays developed by Elverson et al. (2020) for D.
helianthi Muntañola-Cvetkovic et al. and D. gulyae Shivas et al. as well as Kontz et al.
(2016) for D. caulivora and D. longicolla.
3.3.3 Data analysis
After confirming the identity of the fungus to genus level, the relative importance
(RI) values were calculated for each fungal genus at each location-year as described by
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Ludwig and Reynolds (1988), with the dominant endophytic genus being assigned a value
of 100% and computing the relative importance of each additional genus as a percentage
of the dominant genus:
RI (%) =

𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑎 𝑔𝑒𝑛𝑢𝑠
× 100
𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑚𝑜𝑠𝑡 𝑎𝑏𝑢𝑛𝑑𝑎𝑛𝑡 𝑔𝑒𝑛𝑢𝑠

A logistic regression model was used to assess the effect of QoI application (as
predictor) on prevalence of the dominant fungal genus (as response variable).
3.4 Results
3.4.1 Isolation and identification of fungal isolates
The trials yielded 764 isolates belonging to six fungal genera which were,
Alternaria, Fusarium, Diaporthe, Clonostachys, Epicoccum and Nigrospora (Table 3.2).
For genus Alternaria, five species, A. arbusti (20-OP-SF-ALT-03), and A. prasonis (21OP-SF-ALT-08), A. alstroemeriae (21-OP-SF-ALT-09), A. californica (21-OP-SF-ALT10) and A. destruens (20-OP-SF-ALT-05, 21-OP-SF-ALT-11 and 20-OP-SF-ALT-12)
were identified. The isolate 20-OP-SF-ALT-03 matched the type sequence of Alternaria
arbusti strain ATCC 90613 ITS (GenBank Accession Numbers: NR_136020.1) with
98.7% sequence identity for ITS region. The isolate 21-OP-SF-ALT-08 matched the type
sequence of A. prasonis strain CBS 116449 (GenBank Accession Numbers: NR_136011.1)
with 98.8% sequence identity for ITS region. The isolate 21-OP-SF-ALT-09 matched the
type sequence of A. alstroemeriae strain CBS 118809 (GenBank Accession Numbers:
NR_163686.1) with 99.8% sequence identity for ITS region. The isolate 21-OP-SF-ALT10 matched the type sequence of A. californica strain CBS 119409 (GenBank Accession
Numbers: NR_136021.1) with 100% sequence identity for ITS region. The isolate 20-OPSF-ALT-05, 21-OP-SF-ALT-11 and 20-OP-SF-ALT-12 matched the type sequence of A.
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destruens strain ATCC 204363 (GenBank Accession Numbers: NR_137143.1) with 100%
sequence identity for ITS region. For genus Diaporthe, three species, D. helianthi, D.
gulyae and D. longicolla were identified by qPCR assay. Similarly, for genus Fusarium,
two species, F. oxysporum (21-OP-FUS-064), and F. acuminatum (21-OP-FUS-070) were
identified by sequencing.
For genus Clonostachys, two species, C. rosea (21-OP-SF-CLO-05 and 21-OP-SFCLO-06) and C. aranearum (21-OP-SF-CLO-07 and 21-OP-SF-CLO-08) were identified.
The isolates 21-OP-SF-CLO-05 and 21-OP-SF-CLO-06 matched the type sequence of C.
rosea strain CBS 154.27 (GenBank Accession Numbers: NR NR_165993.1) with 99.4%
sequence identity for ITS region. The isolate 21-OP-SF-CLO-07 and 21-OP-SF-CLO-08
matched the type sequence of C. aranearum strain GZAC QLS0625 (GenBank Accession
Numbers: NR_164542.1) with 99.4 and 98.0% sequence identity for ITS region,
respectively. For genus Epicoccum, one species, E. layuense (20-OP-SF-EPI-06 and 21OP-SF-EPI-07) was identified. The isolates 20-OP-SF-EPI-06 and 21-OP-SF-EPI-07
matched the type sequence of E. layuense strain CGMCC 3.18362 (GenBank Accession
Numbers: NR_158265.1) with 100 and 99.8% sequence identity for ITS region,
respectively. For genus Nigrospora, two species, N. vesicularifera (20-OP-SF-NIG-13)
and N. magnoliae (21-OP-SF-NIG-13) were identified. The isolate 20-OP-SF-NIG-13
matched the type sequence of N. vesicularifera strain CGMCC 3.19333 (GenBank
Accession Numbers: NR_165927.1) with 100% sequence identity for ITS region. The
isolates 21-OP-SF-NIG-13 matched the type sequence of N. magnoliae strain MFLUCC
19-0112 (GenBank Accession Numbers: NR_172443.1) with 97.9% sequence identity for
ITS region.

a
b
YearState

Species identityc
E
valued

Isolate
identitye
(%)
99.38
99.38
99.39
98.02
98.68
98.8
99.79
100
100
100
100
100
97.85
100
99.78
99.8
99.7

Gapsf
(%)

Accession
numberg

21-OP-SF-CLO-05 2021 SD
Clonostachys rosea
CBS 154.27
0
0
NR_165993.1
21-OP-SF-CLO-06 2021 SD
C. rosea
CBS 154.27
0
0
NR_165993.1
21-OP-SF-CLO-07 2021 SD
C. aranearum
GZAC QLS0625
0
0
NR_164542.1
21-OP-SF-CLO-08 2021 NE
C. aranearum
GZAC QLS0625
0
0
NR_164542.1
20-OP-SF-ALT-03 2020 SD
Alternaria arbusti
ATCC 90613
0
0
NR_136020.1
21-OP-SF-ALT-08 2021 NE
A. prasonis
CBS 116449
0
0
NR_136011.1
21-OP-SF-ALT-09 2021 NE
A. alstroemeriae
CBS 118809
0
0
NR_163686.1
21-OP-SF-ALT-10 2021 NE
A. californica
CBS 119409
0
0
NR_136021.1
20-OP-SF-ALT-05 2020 SD
A. destruens
ATCC 204363
0
0
NR_137143.1
21-OP-SF-ALT-11 2021 NE
A. destruens
ATCC 204363
0
0
NR_137143.1
20-OP-SF-ALT-12 2020 SD
A. destruens
ATCC 204363
0
0
NR_137143.1
20-OP-SF-NIG-13 2020 SD Nigrospora vesicularifera CGMCC 3.19333
0
0
NR_165927.1
21-OP-SF-NIG-14 2021 NE
N. magnoliae
MFLUCC 19-0112
0
1
NR_172443.1
20-OP-SF-EPI-06 2020 SD
Epicoccum layuense
CGMCC 3.18362
0
0
NR_158265.1
21-OP-SF-EPI-07 2021 NE
E. layuense
CGMCC 3.18362
0
0
NR_158265.1
21-OP-FUS-064
2021 ND
Fusarium oxysporum
0
0
MK968952.1
21-OP-FUS-070
2021 ND
F. acuminatum
9
0
KX752419.1
a
NE= Nebraska, ND= North Dakota, and SD = South Dakota.
b
Species identity was established from sequencing of the internal transcribed spacer region (ITS) or elongation factor subunit 1-𝛼 (EF1𝛼) gene region. Isolates were selected as representative subsets of 2141 fungal isolates for species level-identification.

Isolate

Table 3.2. List of endophytic fungi identified by sequencing
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E value (Expect value) is a chance probability that there is another alignment with a similarity greater than the given S score (measure
of similarity of the query sequence); smaller the E value better the match.
d
Percent identity (%) is the percentage of characters that match exactly between the two different sequences.

c
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Isolation frequency of Alternaria, Diaporthe and Fusarium were 67.41%, 15.31%
and 2.49%, respectively. Relative importance (RI) for Alternaria was 100% for both NTC
and pyraclostrobin treatment across the locations-years except North Dakota during 2019
where RI was 46.2% for Alternaria (Table 3.3). RI for Diaporthe was lower in both
treatments in all location years except South Dakota during 2019 where RI for Diaporthe
was higher than the Fusarium. RI for Diaporthe varied from 0 to 33.3% in NTC and 0 to
36.4% in pyraclostrobin application (Table 3.3).
Table 3.3. Relative importance (RI) for endophytic Alternaria, Diaporthe and
Fusarium in NTC and pyraclostrobin application in sunflower at Nebraska, North
Dakota, and South Dakota during 2019, 2020 and 2021
Locationa

Year

Non treated control
Pyraclostrobin
Alternaria Diaporthe Fusarium Alternaria Diaporthe Fusarium
(%)
(%)
(%)
(%)
(%)
(%)
2019
100.0
33.3
11.1
100.0
36.4
9.1
SD
2019
100.0
9.1
54.5
46.2
7.7
100.0
ND
2020
100.0
3.3
23.0
100.0
1.6
33.3
SD
2020
100.0
0.0
22.9
100.0
2.6
38.5
ND
2020
100.0
0.0
8.3
100.0
0.0
15.7
NE
2021
100.0
4.4
8.9
100.0
2.6
2.6
SD
2021
100.0
0.0
21.6
100.0
0.0
23.7
NE
Overall
100.0
4.1
18.3
100.0
3.2
27.5
a
NE= Scottsbluff, Nebraska; ND= Davenport, North Dakota) and SD= Brookings, South
Dakota (Felt Farm, Brookings)
Table 3.4. Effect of QoI fungicide on prevalence of Diaporthe, Alternaria and
Fusarium in sunflower
Response
Diaporthe
Fusarium
Alternaria
* Significant at 𝛼 = 0.05.

Intercept (standard error)
-1.01 (0.44)*
1.53 (0.49)*
21.57 (5524.41)

Slope (standard error)
-1.37 × 10-16 (0.62)
-0.23 (0.68)
-18.27 (5524.41)
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3.4.2 Effect of pyraclostrobin
Logistic regression did not show a significant (p > 0.05) effect of pyraclostrobin
treatment on prevalence of endophytic Diaporthe (Tables 3.4). Similarly, there was no
significant effect of pyraclostrobin application on prevalence of endophytic Alternaria and
Fusarium (Tables 3.4).

3.5 Discussion
To our knowledge, this is the first study in sunflower to study the effect of foliar
application of fungicide on endophytic fungal community. We applied fungicide at R1
growth stage of sunflower and sampled stems of the plants from the treated plots and nospray control plots at approximately two to three weeks after spraying. For isolation of
endophytic fungi, a culture dependent technique was adopted. Alternaria, Clonostachys,
Diaporthe, Epicoccum, Fusarium and Nigrospora were the six fungal genera isolated from
sunflower. Among the six genera, Alternaria (Škrinjar et al. 2012; Robertson et al. 1985),
Fusarium (Robertson et al. 1985), Diaporthe (Mathew et al. 2018, 2015; Debaeke et al.
2003), Epicoccum (Milošević et al. 2019) and Nigrospora (Robertson et al. 1985) were
previously reported in sunflower. Some of these genera are reported to cause diseases in
sunflower. As examples, Diaporthe spp. cause Phomopsis stem canker in sunflower
(Markell et al. 2020; Mathew et al. 2018, 2015; Debaeke et al. 2003). Species of Fusarium
cause Fusarium root and stem rot (Markell et al. 2020; Mathew et al. 2010) and species of
Alternaria cause Alternaria leaf spot (Markell et al. 2020) in the crop.
Logistic regression models tested for the effect of QoI application (as predictor) on
the prevalence of Alternaria, Diaporthe and Fusarium (as response) did not show
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significant association. This indicated that application of a QoI fungicide at R1 growth
stage may not affect the prevalence of endophytic Diaporthe, Alternaria and Fusarium that
can cause diseases in sunflower under favorable condition. However, isolation frequency
of fungi was low in our study as we adopted only the culture dependent technique for
identification of endophytes. Additionally, dry condition (low precipitation during 2020
and 2021) might be another cause affecting the isolation frequency of fungi. For example,
frequent and abundant precipitation is favorable for successful infection of D. helianthi but
temperatures higher than 32°C may check fungal growth and /or kill the mycelium of the
fungus (Debaeke and Moinard 2010; Pe´re`s and Regnault 1988). In our study, we also
observed lower isolation frequency of endophytic fungus in the plots prior to the fungicide
application (unpublished data). Also, there was no significant effect in grain yield, but
disease severity index (DSI) was significantly lower in pyraclostrobin (38.33%) treatment
as compared to the no-spray control (55.33%). Our results were similar to Mohandoss and
Suryanarayanan (2009), where they did not find significant effect of fungicide
(hexaconazole) application on the species diversity of the endophyte assemblage in mango
(Mangifera indica L.). Prior et al. (2017) also observed that the application of sulfur
fungicide caused weak depletion of the species richness in endophytic community of
common bean but had no effect on endophytic community of broad bean.
As sunflower in pyraclostrobin treatment and NTC were grown in plots side by side
in the same field, the plants might have been exposed to same endophytic inocula, as a
result, plant in the NTC and fungicide application might have similar endophytic
assemblages (Mohandoss and Suryanarayanan 2009; Arnold et al. 2003). This may be due
to lack of sufficient fungicide coverage, as dense foliage might have restricted the
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penetration of fungicide into the stem. Moreover, pyraclostrobin is a preventative fungicide
with limited translaminar and locally systemic properties (Bartlett et al. 2002; Ammermann
et al. 2000). Additionally, previous research showed that the half-lives of pyraclostrobin in
plants was 1.6 to 1.7 days in corn (You et al. 2012), 6.3 to 13.9 days in rice (Guo et al.
2017) and 10.3 to 11.2 days in peanut (Zhang et al. 2012). Gao et al. (2020) observed sharp
increase in anthracnose but decrease in residue level of pyraclostrobin in pepper at one
week after pyraclostrobin application. In our study, we sampled stems at 14 to 21 days after
the fungicide application when residual activity of pyraclostrobin might be low and might
be unable to affect the fungal endophytes in sunflower. Moreover, the efficacy of fungicide
application might also be influenced by the characteristic attribute, such as surface
structure, of the host plant (Prior et al. 2017).
Lastly, researchers have reported differential/selective effect of fungicides on the
endophytes (Gamboa Gaitán et al. 2005). However, we did not observe any effect of
pyraclostrobin (QoI fungicide) on the prevalence of endophytic Alternaria, Diaporthe and
Fusarium in sunflower. So, to address the effect of fungicides on endophytic fungi in
sunflower, each plant-endophytic interaction should be studied separately. So, further
confirmations are needed using both culture dependent and culture independent based
methods of identification to determine the effect of fungicides (including other active
ingredients) on Diaporthe and other endophytic fungal community in sunflower.
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CHAPTER 4
Assessment of the fungicides for management of Phomopsis stem canker in
sunflower and profitability of fungicide application

4.1 Abstract

Phomopsis stem canker is a major disease of sunflower (Helianthus annuus L.) in
the U.S. To manage the disease, foliar fungicide evaluations were conducted in Minnesota,
Nebraska, North Dakota, and South Dakota for a total of 49 location-years. Trial data were
analyzed using non-linear regression to determine the effect of Phomopsis stem canker
severity on yield. A four-parameter logistic model (R2=0.07) described the yield loss as for
every ~10% increase in DSI, there was a corresponding ~440 kg ha-1 reduction in yield.
Further, these trials were used in meta-analyses to evaluate the effect of six fungicide
groups against Phomopsis stem canker, when compared with no-fungicide control (NTC).
Effect sizes corresponding to DSI and yield (Cohen’s f or Hedges’s g) were expressed in
standard deviation units between the fungicide and NTC treatments. Cohen’s f ranged from
-0.09 (i.e., small DSI reduction from fungicide application) to -1.95 (very large DSI
reduction) and from 0.05 (i.e., small yield increase) to 1.45 (large yield increase) with the
pooled effect being f= 0.35, which indicated that fungicides had a significant effect on DSI
and yield compared to NTC (p<0.0001). Among the fungicide groups, QoI [DSI (g=0.47)
and yield (g =-0.41)] and QoI+DMI+SDHI [DSI (g=0.79) and yield (g=-0.94)]
outperformed NTC. Upon performing economic analyses, a positive net return ($3.0 to
$304.8 A-1) was observed across oil- and non-oil type hybrids for a single application of
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QoI (specifically pyraclostrobin). Overall, this study generated a yield-loss model and
fungicide application recommendations against Phomopsis stem canker to support farmers
in decision-making.

4.2 Introduction
Phomopsis stem canker, caused by species of Diaporthe Nitschke, was not
considered an important disease of sunflower (Helianthus annuus L.) in the United States
until 2010 disease epidemic in Minnesota, North Dakota, and South Dakota, where over
75% of the U.S. sunflower production takes place (Mathew et al. 2018a, 2015). According
to the production survey organized by the National Sunflower Association of commercial
sunflower fields in the U.S. and Canada (Manitoba), the prevalence of Phomopsis stem
canker increased from ~32% to ~70% between 2011 and 2019 (Gulya et al. 2019). The
increase in Phomopsis stem canker prevalence in Minnesota, North Dakota, and South
Dakota may be related to above-average precipitation in the 2010’s. Additionally,
herbicide-resistant weeds, such as kochia (Kochia scoparia L.), are asymptomatic hosts for
species of Diaporthe and may be contributing to the increased prevalence of Phomopsis
stem canker (Hulke et al. 2019). Also, Diaporthe gulyae Shivas, Thompson and Young,
one of the fungi causing Phomopsis stem canker (Mathew et al. 2015), was isolated from
soybean (Glycine max L.) in the production regions of North Dakota and South Dakota,
where both sunflower and soybean are grown (Hulke et al. 2019; Gilley et al. 2019;
Mathew et al. 2018b). Identification of soybean as an alternative host of D. gulyae in the
Dakotas may partly explain the increase in prevalence of Phomopsis stem canker (Hulke
et al. 2019).
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Management of Phomopsis stem canker is important because the disease can cause
losses in grain yield up to or exceeding 40% (Debaeke et al. 2003) and oil content up to
25% (Talukder et al. 2020; Acimovic 1986). Sunflower farmers use multiple tools to
manage diseases, such as planting commercial hybrids with partial resistance to causal
organisms, a four-year crop rotation with non-hosts, weed management, tillage, and
fungicides (Markell et al. 2020; Mathew et al. 2018a; Olson 2017; Bradley et al. 2007).
Although partially-resistant hybrids are commercially available for Phomopsis stem canker
management, information is lacking on if these hybrids have partial resistance to all or
certain species of Diaporthe causing the disease. Foliar fungicides have become valuable
tools for managing Phomopsis stem canker not only in the U.S. but also in other sunflowerproducing countries of the world. As examples, Debaeke et al. (2003) evaluated fungicide
application under various crop management strategies (different rates of nitrogen fertilizer,
plant density, and sowing time) in France between 1994 and 1996. A yield gain of 1.4% to
17.5% (50 to 530 kg ha-1) was observed when a single application of fungicide
{(carbendazim + flusilazole) [Fungicide Resistance Action Committee (FRAC) 1 + 3] or
(fenpropimorph + mancozeb + carbendazim) (FRAC 5 + M3 + 1)} was sprayed at
miniature floral bud initiation growth stage [R1, (Schneiter and Miller 1981)] over nofungicide control treatment (Debaeke et al. 2003). Tsialtas et al. (2017) observed that a
split application of pyraclostrobin [Quinone outside inhibitors (QoI), (FRAC 11)] at six
true leaf (V6) and R1 growth stages or a single application of pyraclostrobin fungicide at
R1 growth stage significantly reduced incidence of Phomopsis stem canker by 45.5% and
31.2%, respectively, when compared to the no-fungicide control. Additionally, the split
application significantly increased yield by 17.0%, when compared to that of the no-
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fungicide control plots (Tsialtas et al. 2017). Olson (2017) evaluated the application timing
of fungicide containing pyraclostrobin for control of Phomopsis stem canker across three
locations in South Dakota, USA in 2015 and 2016. A yield gain of 3.5 to 63.2% was
observed on susceptible hybrids planted across three South Dakota locations, when a single
application of pyraclostrobin fungicide during early reproductive stage [R1 to floral bud
elongation (R3) growth stages] was applied (Olson 2017).
On sunflower, multiple fungicide groups are labeled for managing foliar diseases
in the U.S., including; FRAC 3 (DeMethylation inhibitors, DMI) fungicides, FRAC 7
(Succinate-dehydrogenase inhibitors, SDHI), and FRAC 11 (Friskop et al. 2017).
Prophylactic application has become an increasingly common production practice.
However, fungicide application can increase production costs, and the Return On
Investment (ROI) is dependent on the change in yield, which is largely due to diseases
present and managed.
In the U.S., fungicide trials have been conducted in 2009 and between 2015 and
2020 using a uniform protocol to evaluate effectiveness of fungicides against Phomopsis
stem canker across several locations. These trials provide a strong dataset to evaluate the
potential impact of these fungicides on management of Phomopsis stem canker and ROI.
For this study, we adopted meta-analysis to combine results from these field trials and to
determine a measurable outcome using statistics (Madden and Paul 2011; Paul et al. 2006).
The specific objectives of this study were to (i) quantify the effect of Phomopsis stem
canker severity on sunflower yield using nonlinear regression; (ii) investigate the overall
and individual effect of multiple fungicide treatments on disease severity and yield
response; (iii) examine the factors that could potentially quantify the expected
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heterogeneity in the fungicide effectiveness data; and (iv) evaluate the probability of
obtaining break-even yield and net return for a specific fungicide upon applying once and
based on the market prices for sunflower in 2020. We expect that the quantitative
knowledge of the association of disease severity with sunflower yield as well as the
efficacy of multiple fungicide groups from this study can assist in developing disease
management decisions for Phomopsis stem canker.

4.3 Materials and Methods
4.3.1 Field experiments
To achieve the objectives, disease assessment and yield response data were
collected from foliar fungicide trials conducted at various locations in Minnesota,
Nebraska, North Dakota, and South Dakota between 2009, 2015 and 2020 for a total of 79
location-years. These trials were conducted in rain-fed (non-irrigated) areas either at the
university farms or in farmer fields with history of Phomopsis stem canker. Plot size varied
across locations and years; however, each plot was comprised of four rows at 0.76 m row
spacing and was 6.10 to 15.24 m long, 305 cm wide. Each trial was conducted in a
randomized complete block design with at least three replicate blocks. The type of
sunflower hybrid, the number of locations, the number of chemicals, and weather variables
varied among trials and years (Table 4.1, Appendix 4.1). Overall, a total of 11 treatments
with six fungicide classes and 21 individual active ingredients (Appendix 4.2) were
evaluated at R1 growth stage based on previous studies by Olson (2017), Tsialtas et al.
(2017) and Debaeke et al. (2003). A non-treated control (NTC) was included in all trials.
All fungicides were applied at labelled rates with a non-ionic surfactant [NIS; Induce
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(Helena Agri-Enterprises, Collierville, TN)] using a CO2-powered backpack sprayer (flatfan nozzle, nozzle pressure of 206.8 kPa and water volume of 187 L ha-1 to 281 L ha-1) or
a tractor sprayer (flat-fan nozzle, nozzle pressure of 206.8 kPa and water volume of ~281
L ha-1). For all location-years, fungicide trials were conducted following a common
protocol and university recommendations of production practices (soil fertility
management, pre- and post-emergence herbicides for weed management, insecticide
application). The trials were planted and harvested according to the farming season in
North Dakota (May to October) and Minnesota, Nebraska, and South Dakota (June to
October). The development of Phomopsis stem canker was natural in all trials and the
disease severity levels were variable across the locations and years. Severity of Phomopsis
stem canker was recorded for 10 to 20 plants in the middle two rows of each plot, between
R7 (back of the head is pale-yellow colored) and R9 (physiological maturity) growth
stages, using a 0-to-4 (Debaeke et al. 2003) or 0-to-5 disease rating scale (Mathew et al.
2015). Disease rating was recorded at a single time, and approximately one to two months
before harvest. For all location-years, the disease severity index (DSI) was calculated from
the disease severity ratings using the formula
DSI (%) =

∑(J × L)
(M × 5)

× 100

where P = class frequency, Q = score of rating class, M = total number of plants, N =
maximal disease index (Chiang et al. 2017). For yield, the middle two rows of each plot
were harvested at the end of the crop growing season and the grain yield (kg ha−1) was
adjusted to 10% moisture (Duffeck et al. 2020).
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Table 4.1. Number of field trials (Trial) and fungicide products (Product) applied at
miniature floral bud initiation growth stage [R1, (Schneiter and Miller 1981)] for each
location-year
Minnesota
Nebraska
North Dakota
South Dakota
a
Trial
Product
Trial
Product
Trial
Product
Trial
Product
2009
0
0
0
0
2
7
0
0
2015
6
3
1
3
0
0
6
3
2016
2
3
2
3
0
0
4
1
2017
0
0
2
1
0
0
6
4
2018
0
0
2
1
0
0
3
9
2019
0
0
0
0
0
0
6
11
2020
0
0
2
4
0
0
5
10
Total
8
6
9
12
2
7
30
38
a
A no-fungicide control (NTC) was included in all trials. The number in trial and products
columns indicates the number of field trials and number of fungicide products tested in the
field trials in each location-year.
Year

4.3.2 Impact of Phomopsis stem canker on sunflower yield
To examine the impact of Phomopsis stem canker on sunflower yield, a non-linear
regression analysis was performed on a total of 692 plots (49 field trials where both disease
and yield was recorded at plot level). The non-linear regression models were evaluated
using yield (as response variable) and DSI (as a predictor) based on coefficient of
determination (R2), mean squared error (MSE), Akaike information criterion (AIC),
Bayesian information criterion (BIC) and negative log-likelihood values. The model with
the lowest AIC, BIC, MSE, and negative log-likelihood values were considered closest to
the true model. The analysis was performed at the plot-level using the “drc” package (Ritz
et al. 2015) in R (v 4.0.3; R core team 2020; R Foundation for Statistical Computing,
Vienna, Austria. https://www.R-project.org/) and three models, Weibull (three parameter
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and four parameter) and modified logistic (four parameter) regression, were selected based
on visual examination of the raw data.
The three-parameter Weibull model was given by:
𝑌𝑖𝑒𝑙𝑑 = 𝑑 × exp_− exp_𝑏(log 𝐷𝑆𝐼 − log 𝑒)ee
where, yield is the individual plot yield, c is the estimated yield potential (at t → ∞), DSI
is the disease severity index and b, d, and e are the shape parameters. Initial estimates were
given for b, d, and e were 4.64, 2076.09 and 115.74, respectively.
The four-parameter Weibull model was given by:
Yield = 𝑐 + (𝑑 − 𝑐) × exp_− exp_𝑏(log 𝐷𝑆𝐼 − log 𝑒)ee
where, yield is the individual plot yield, c is the estimated yield potential (at t → ∞), DSI
is the disease severity index and b, d, and e are the shape parameters. Initial estimates were
given for b, c, d, and e were 1.56, -9054.80, 2139.10, and 662.35 respectively.
The four-parameter modified logistic regression model was given by:
2<'

𝑌𝑖𝑒𝑙𝑑 = 𝑐 + 4ANOP(1(QRS TUV<QRS #))
where, yield is the individual plot yield, c is the estimated yield potential (at t → ∞), DSI
is the disease severity index and b, d, and e are the shape parameters. Initial estimates were
given for b, c, d, and e were 5.79, 879.24, 2078.38, and 91.16 respectively.
4.3.3 Meta-analysis and criteria for dataset
Each field trial was considered an independent study in the meta-analysis. Before
performing statistical analysis, DSI and yield data from the field trials were inspected and
the number of trials for inclusion in the statistical analyses was determined using these
criteria: (a) DSI in the no-fungicide control (NTC) should be at least 5% in one or more
plots; (b) DSI and yield data were recorded at the plot level; and (c) the range of DSI and
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yield was at least 2% between the largest and smallest value (Madden and Paul 2009).
Thus, among the total 79 trials, 48 trials (684 plot-observations) were used for DSI analyses
and 49 trials (692 plot-observations) for yield analyses (Table 4.1).
Considering the field trials were conducted in different environments, we
performed random-effects meta-analysis for initial analyses, in which we assumed that our
field trials were a subset of a larger population of studies (Hedges and Olkin 1985). The
model for the random-effects meta-analysis was described as 𝜃l7 = 𝜇 + 𝜖7 + 𝜉7 , where 𝜃l7
is the observed effect size (i.e., an estimate of the study’s true effect size (θ) of the kth
study), 𝜇 is the overall mean, 𝜖7 and 𝜉7 are the error terms associated with between-study
variance (τ2) and within-study variance (Borenstein et al. 2011).
In this study, we used the term “effect-size” to describe the outcome measure from
field studies and two effect size measures, Cohen’s f (Cohen 1988) and Hedges’ g (Hedges
1981), were used for analyses depending on the study objectives. We used these effect sizes
because our data (DSI or yield) were continuous and were demonstrated by comparison
between fungicide and no-fungicide control treatment groups (Harrison 2011). Thus, the
differences between the means of the two groups were standardized for DSI and yield by
the pooled standard deviation to calculate Cohen’s f or Hedges’ g. The two effect sizes
basically provide the number of standard deviations units the means of the treatment groups
are located from the grand mean.
4.3.4 Overall effect of fungicide treatment groups
Eight fungicide treatment groups {triazole (FRAC 3), QoI (FRAC 11), SDHI
(FRAC 7), triazole and QoI (FRAC 3 + 11) applied in combination, SDHI and QoI (FRAC
7 + 11), triazole and SDHI (FRAC 3 + 7), triazole, SDHI and QoI (FRAC 3 + 7 + 11), and

113
‘others’ [Amines (FRAC 5), CAA (Carboxylic Acid Amides, FRAC 40) and QoSI
(quinone outside inhibitor, stigmatellin binding type, FRAC 45) and CAA (FRAC 45 + 40)
applied in combination]} were considered for the analyses. The ‘others’ fungicide
treatment group included products that are not labelled on sunflower but were shown to
have possible activity against Diaporthe-associated diseases in other crops.
To measure the magnitude of the overall fungicide treatment effect, Cohen’s f was
used: 𝑓 =

W&
W

∑'
Z )#
!("(Y! <Y

; where, σX = r

7

is the standard deviation of population means with

𝜇3 denotes the mean of the ith group, 𝜇̅ is the overall mean, k shows the number of groups,
and σ (=MSE1/2) is the pooled standard deviation, MSE is the mean square error from the
f-test (Cohen 1988). For f values of 0.10, 0.25, and 0.40, the effects were considered as
small, medium, and large, according to Cohen (1988). Statistical significance for the
analyses was expressed in terms of whether the 95% confidence interval (CI) around f
includes 0 or not (Cumming 2012).
To determine heterogeneity among field studies, we used a null hypothesis that all
trials estimated the same effect and an alternative hypothesis that at least one trial had an
effect different from the pooled effect. For our study, the heterogeneity test was performed
6
using Cochrane’s Q statistic, which was calculated as 𝑄 = ∑7384 𝑤
v3 _𝜃l3 – 𝜃l[ e , where

𝜃l3 is observed effect size of each trial (i= 1 to kth trial), 𝜃l\ is the summary estimate from
random effects, and 𝑤
v3 study weight observed through the inverse variance method
(Kulinskaya and Dollinger 2015). The p-values were obtained by comparing Q with a chisquared (χ2) distribution for i-1 degrees of freedom. The power of Cochrane’s Q test can
be modest when there is a small number of studies, and hence for this study, a p-value of
<0.10 was used as a threshold for significance (Higgins et al. 2003).
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To determine the percentage of variability among studies, we calculated an
𝐼 6 index = 8

L <(]< 4)
L

9 (where Q = Cochrane’s Q statistic; K= total number of trials),

which is defined as the percentage of total variance among studies due to heterogeneity
rather than sampling error (Higgins et al. 2003). An I2 index of 25%, 50% and 75% would
indicate low, medium, or high heterogeneity respectively, in the set of effect sizes (Higgins
and Thompson 2002). Considering that I2 index may be biased when a small number of
studies is analyzed using meta-analysis, 95% CI was used to point estimates for the I2
index. If the 95% CI around I2 index included zero, the null hypothesis of homogeneity
was rejected (von Hippel 2015). For I2 index of 25%, we assumed that the fixed-effect and
random-effect models tend to produce similar summary estimates for meta-analysis. For I2
index greater than 50%, pooled estimates were obtained by each subgroup within a
moderator variable and meta-regression models were used to explain the potential cause of
heterogeneity. The data analyses for determining Cohen’s f, Cochrane’s Q statistic and I2
index were performed using the “metaphor” package (Viechtbauer 2010) in R.
4.3.5 Individual effect of fungicide treatment groups
Although Cohen’s f indicated that fungicides could affect DSI and yield when
compared to NTC, we must determine if all the eight fungicide treatment groups have an
equal effect and how large was the effect if these treatment groups were considered
individually. Hence, Hedges’s g was used to determine the effect of individual fungicide
groups on DSI and yield: 𝑔 =

Z) – Y
Z *)+
Y
.,--./0

, where, µ5_` and µ _ are the means of the NTC

and fungicide treatments (T), respectively and 𝑠:**a#2 is the pooled standard deviation
(= r

#
(&) <4)UT)# A (&*)+ <4)UT*)+

&) A&*)+ – 6

6
; 𝑆𝐷5_`
and 𝑆𝐷_6 are the variances of NTC and fungicide
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treatments (T), respectively and 𝑛5_` and 𝑛 _ are the number of NTC and fungicide
treatments (T), respectively) (Maher et al. 2017). Since few fungicide groups had a small
sample size (i.e., < 20), Hedges’s g was used for analyses to correct for the sample bias in
the dataset (Hedges and Olkin 1985) and was interpreted using Cohen’s convention of
small (0.2), medium (0.5), and large (0.8) effects (Cohen 1988). Statistical significance for
the analyses was expressed in terms of whether the 95% CI around g included zero
(Gurevitch and Hedges 1999). In addition, Cochrane’s Q statistic was evaluated at p<0.10
and 95% CI was used to point estimates for the I2 index as described previously. The
analysis was performed using the “metaphor” package (Viechtbauer 2010) in R.
4.3.6 Effect of moderator variables
To explain the heterogeneity in the effect sizes among studies, moderator variables
(categorical or continuous) were evaluated using a general linear mixed-effect model or
fixed-effects model (Madden et al. 2016). For our study, we hypothesized that the DSI and
sunflower yield (given by Cohen’s f and Hedges’s g) were influenced by types of sunflower
varieties, year, location, host resistance and weather parameters over the growing period
(Table 4.2) because of which heterogeneity was observed among studies. The types of
sunflower varieties included the oil and non-oil types. Between the oil and non-oil types of
varieties, the oil types are used for production of sunflower seed oil and non-oil types are
for human snacks and bird feed. Year (2009, 2015 to 2020) included the growing season
when the trials were conducted. Locations included the U.S. states (MN, ND, NE, and SD)
where the field trials were conducted. Host resistance included commercial hybrids that are
either susceptible or have partial resistance to the fungi causing Phomopsis stem canker
[CHS (Inver Grove Heights, MN), Legend seeds (De Smet, SD), Mycogen seeds (San
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Diego, CA)]. For weather variables, average temperature, average relative humidity (RH),
total precipitation and number of days with a minimum of 0.25 mm precipitation were used
from each location-year. The moderator variables (types of sunflower varieties, year,
location, host resistance, and weather parameters) were considered to be fixed effects in all
model analyses. For the mixed-effect model, the trials were considered as random factors.
To determine whether moderator variables have a significant effect on the mean
effect size, we used a univariate approach in the models that were fitted for Cohen’s f or
Hedges’s g and included only one moderator variable at a time. The mean effect of the
moderator variables was estimated using weights based on the among-study and withinstudy (sampling) variances, and the within-study variance was held fixed for each study
(weights were calculated as the inverse of sampling variance for each study). To determine
if the moderator variable was significant or not, the Χ2 test and the corresponding p-value
were used (Madden et al. 2016). Model parameters were estimated using the “metafor”
package in R and the moderator variables were evaluated using the t- and corresponding pvalues (Viechtbauer 2010). The test for residual heterogeneity (QE) was used to determine
if the heterogeneity that is not explained by the moderator (predictor) variable is significant
(Borenstein et al. 2009). The test of moderator (QM) was used to determine if the moderator
variable significantly influenced the studies’ effect size. The regression coefficient
estimates as well as the corresponding t-statistic, the 95% CI and p-value were estimated
for each moderator variable. Two or more levels of a moderator variable were considered
as significantly different from each other if the 95% CI around their regression estimate
did not include zero.
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Table 4.2. Description of the moderator variables used for fixed-effects and randomeffects meta-analysis in this study
Moderator variable
Host resistance

Agronomic use
Year
Location
Temperature

Definitiona
Reaction of commercial
hybrids for their susceptibility
or partial resistance to fungi
causing Phomopsis stem
canker
Sunflower use
Year
U.S. states

Moderator levelsb
Partially-resistant,
susceptible

Oil type, non-oil type
2009, 2015 to 2020
Minnesota, Nebraska, North
Dakota, and South Dakota
12.8 to 21.7°C

Average temperature (°C)
between May and October
Relative humidity
Average relative humidity (%) 43.2 to 77.1 %
between May and October
Precipitation
Total precipitation (mm)
36.8 to 567.4 mm
between May and October
Precip-days
Number of days with at least
22 to 58 days
0.25 mm precipitation between
May and October
a
Field trials conducted in Minnesota, Nebraska, North Dakota, and South Dakota in 2009,
2015 and 2020. These trials were planted as per the farmer’s calendar for planting and
harvesting sunflower, which for North Dakota is typically between May and October; and
for Minnesota, Nebraska and South Dakota is between June and October.
b
Between the oil and non-oil types, the oil types are used for production of sunflower seed
oil and non-oil types are for human snack and bird feed.
4.3.7 Probability calculations associated with fungicide applications
The profitability associated with applying fungicides was estimated in U.S. dollars (USD)
based on average grain prices for sunflower from three retailers in South Dakota for
Headline (pyraclostrobin, BASF, Research Triangle Park, NC) ($33.8 L-1). The estimated
machinery and labor costs for fungicide applications for ground and aerial applications
were $16.7 ha-1 and $25.9 ha-1, respectively (South Dakota Oilseeds Council, personal
communication), and the price of sunflower for the year 2020 was $0.41 kg-1 ($18.7/cwt)
for oil type and $0.58 kg-1 ($26.3/cwt) for non-oil type sunflower (USDA-NASS 2021).
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The break-even yield, which is the yield increase needed to cover the cost of the
fungicide use, was determined as [Acharya et al. 2019; modified from Weisz et al. (2011)]:
Break-even yield (kg ha-1) = [Fungicide product cost ($ ha-1) + machinery and
labor cost for fungicide application ($ ha-1)]/ sunflower grain price ($ kg-1)
The profitability of applying fungicides against Phomopsis stem canker was
determined by comparing the monetary return with NTC (Acharya et al. 2019; Lopez et al.
2015):
Net return ($ ha-1) = Sunflower grain price ($ kg-1) × [yield (kg ha-1) obtained from
applying fungicide – yield (kg ha-1) obtained from NTC] – [fungicide cost ($ ha-1) +
machinery and labor cost for fungicide application ($ ha-1)].

4.4 Results
The mean DSI of the NTC plots across the trials ranged from 5.6% to 100% (overall
mean = 53.4%). In 69% of the 87 fungicide-treatment combination across trials, a reduction
in disease severity was observed in fungicide-treated plots than in NTC plots when
Phomopsis stem canker was naturally present. For yield, the mean of the NTC plots across
the trials ranged from 24.2 kg ha-1 to 4232.1 kg ha-1 (overall mean =1780.61 kg ha-1)
(Supplement Table 4.S1). In 63.2% of the 87 fungicide-treatment combination across trials,
greater yield was observed in fungicide-treated plots than in NTC plots.
4.4.1 Impact of Phomopsis stem canker on sunflower yield
For the 49 location-years used for non-linear regression analysis, DSI associated
with Phomopsis stem canker was found to impact yield (Figure 4.1).
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The analyses using the four-parameter modified logistic regression model resulted
in the equation:
𝑌𝑖𝑒𝑙𝑑 = 879.24 +

2078.38 − 879.24
1 + 𝑒𝑥𝑝(5.79(𝑙𝑜𝑔 𝐷𝑆𝐼 − 𝑙𝑜𝑔 91.16))

where 5.79, 2078.38 and 91.16 are the shape parameters b, d, and e, respectively. Model
fitting resulted in a R2 of 0.07, AIC of 11183.4, BIC of 11206.1, MSE of 602390.3 and
negative log-likelihood of 5586.7. According to this model, for every unit increase in
((log 𝐷𝑆𝐼 − log 91.16), yield decreases by 882.9 kg ha-1 (787.7 lb A-1). This indicates that
for every approximate 10% increase in DSI, there was a corresponding approximate 440
kg ha−1 (~393 lb A−1) reduction in yield.
The analyses using the four-parameter Weibull model resulted in the equation:
Yield =
−9054.8 + (2139.1 − (−9054.8)) × exp_− exp_1.56(log 𝐷𝑆𝐼 − log 662.35 )ee
where, 1.56, 2139.10 and 662.35 are estimate of shape parameters b, d and e, respectively.
Model fitting resulted in a R2 of 0.05, AIC of 11198.8, BIC of 11221.5, MSE of 615899.8
and negative log-likelihood of 5594.4. According to this model, for every unit increase in
(log 𝐷𝑆𝐼 − log 662.35), yield decreases by -8958.8 kg ha-1 (-7993.0 lb A-1). This indicates
that for every approximate 10% increase in DSI, there was a corresponding approximate 1962.3 kg ha−1 (-1750. 79 lb A−1) reduction in yield.
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Figure 4.1. Sunflower yield (kg ha-1) results collected in 49 location-years (n=692 plots) of
fungicide efficacy trials against Phomopsis stem canker, conducted in 2009 and between
2015 and 2020 in Minnesota, Nebraska, North Dakota, and South Dakota. Disease severity
index (DSI) was calculated from the disease severity ratings using the formula DSI (%) =
∑(J × L)
(M × 5)

× 100, where P = class frequency, Q = score of rating class, M = total number of

plants, N = maximal disease index (Chiang et al. 2017). The three-parameter Weibull
model is represented by red trendline: 𝑌𝑖𝑒𝑙𝑑 = 2076.09 × 𝑒𝑥𝑝_− 𝑒𝑥𝑝_4.64(𝑙𝑜𝑔 𝐷𝑆𝐼 −
𝑙𝑜𝑔 115.74)ee . The four-parameter Weibull model is represented by blue trendline:
Yield = −9054.80 + (2139.10 − (−9054.80)) × exp_− exp_1.56(log 𝐷𝑆𝐼 −
log 662.35 )ee . The four-parameter modified logistic regression model is represented by
6Bb=.?=<=bD.6@

green trendline: 𝑌𝑖𝑒𝑙𝑑 = 879.24 + 4ANOP(c.bD(QRS TUV<QRS D4.4C)).
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The analyses using the three-parameter Weibull model resulted in the equation:
𝑌𝑖𝑒𝑙𝑑 = 2076.09 × 𝑒𝑥𝑝_− 𝑒𝑥𝑝_4.64(𝑙𝑜𝑔 𝐷𝑆𝐼 − 𝑙𝑜𝑔 115.74)ee
where, 4.64, 2076.09 and 115.74 are estimate of shape parameters b, d and e, respectively.
Model fitting resulted in a R2 of 0.07, AIC of 11180.6, BIC of 11198.8, MSE of 601717.0
and negative log-likelihood of 5586.3. However, the lower asymptote of the data was not
clearly explained by this model.
Thus, between the four-parameter modified logistic regression and Weibull models,
the logistic regression model was chosen based on model fit to describe the relationship
between DSI and yield loss.
4.4.2 Overall effect of fungicide treatment groups
For DSI, the extent of disease severity reduction varied among trials, with f ranging
from -0.09 (i.e., small reduction in DSI from fungicide application) to -1.95 (very large
reduction in DSI). Of the 48 trials, 52.08% (f > 0.40) of the trials had a large effect on
disease reduction when fungicides were applied. For yield, the extent of yield increase
varied among trials, with f ranging from 0.05 (i.e., low increase in yield from fungicide
application) to 1.45 (large increase in yield). Of the 49 trials, 59.18% (f > 0.40) of the trials
had a large effect on yield increase when fungicides were applied. According to the
random-effects model, the pooled effect across trials was f= 0.35 with the 95% CI ranging
from 0.28 to 0.42 (for DSI) and 0.29 to 0.42 (for yield), which indicated that fungicides
had a significant effect on DSI and yield compared to NTC (p< 0.0001).
For both DSI and yield, the null hypothesis of homogeneity across field trials was
not rejected [Cochran’s Q was not significant (p>0.05, df = 48), and the CI of I2 (0%;
33.5%) contained 0% value], which indicated that there was no sufficient evidence to say
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that there were differences among fungicide treatments in reducing DSI and increasing
yield.
4.4.3 Individual effect of fungicide treatment groups
For DSI, the pooled effect indicated that the fungicides containing QoI [g=-0.47;
95% CI= (-0.70, -0.24); p<0.0001] and QoI+DMI+SDHI [g=-0.79; 95% CI = (-1.53, 0.05); P = 0.037] had a significantly large effect compared to NTC (Table 4.3). For QoI, g
was large (≥ 0.8) in 35.56% trials (n=16). The null hypothesis of homogeneity among field
trials was rejected [Cochran’s Q was significant (P = 0.019; df = 44), and the CI of I2
(3.0%; 53.6%) did not contain 0% value], which indicated that there were possibly
differences within the QoI group in reducing DSI. For QoI+DMI+SDHI, g was large (≥
0.8) in 33.33% trials (n=1). The null hypothesis of homogeneity across field trials was not
rejected [Cochran’s Q was not significant (P = 0.85; df = 2), and the CI of I2 (0.0%; 89.6%)
contained 0% value], which indicated that there were possibly no differences within the
QoI+DMI+SDHI group in reducing DSI.
On yield, the pooled effect indicated that the fungicides containing QoI [g=0.41;
95% CI= (0.18, 0.63); P = 0.0004] and QoI+DMI+SDHI [g=0.94; 95% CI = (0.18, 1.70);
P = 0.0157] had a significantly large effect compared to NTC (Table 4.4). For QoI, g was
large (≥ 0.8) in 30.43% trials (n=14). The null hypothesis of homogeneity among field
trials was rejected [Cochran’s Q was significant (P = 0.02; df = 45), and the CI of I2 (3.1%;
53.2%) did not contain 0% value], which indicated that there were possibly differences
within the QoI group in increasing yield. For QoI+DMI+SDHI, g was large (≥ 0.8) in
66.67% trials (n=2). The null hypothesis of homogeneity across field trials was not rejected
[Cochran’s Q was not significant (P = 0.77; df = 2), and the CI of I2 (0.0%; 89.6%)
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contained 0% value], which indicated that there were possibly no differences within the
QoI+DMI+SDHI group in increasing yield.
Between the two fungicides, QoI+DMI+SDHI outperformed NTC and was
associated with a greater reduction in DSI (g=-0.79) and increase in yield (g=0.94) when
compared to QoI (g for DSI =-0.47 and g for yield =0.41) (Tables 4.3 and 4.4). Thus, the
plots receiving fungicides containing QoI+DMI+SDHI had a lower mean DSI and greater
mean yield than the plots that received no fungicide (NTC) in all trials (n=3). In contrast,
plots receiving fungicides containing only QoI had a lower mean DSI in 73.3% trials (n=
45) and greater mean yield in 71.7% trials (n=46) than the NTC plots.
Table 4.3. Summary table for Hedges’s g to determine the effect of individual
fungicide groups on disease severity index (DSI) associated with Phomopsis stem
canker
Fungicide groupa
kb
Hedges’s gc
95% CId
QoI
45
-0.47
[-0.70; -0.24]*
DMI
7
-0.10
[-0.75; 0.54]
SDHI
9
-0.21
[-0.71; 0.29]
QoI + DMI
4
-1.04
[-2.51; 0.42]
DMI + SDHI
2
-0.73
[-1.60; 0.15]
SDHI + QoI
13
-0.32
[-0.87; 0.22]
DMI + SDHI + QoI
3
-0.79
[-1.53; -0.05]*
Others
3
-0.54
[-2.15; 1.07]
a
QoI= Quinone inside inhibitors; DMI= DeMethylation inhibitors; SDHI= Succinate
dehydrogenase inhibitors; Others included Quinone outside inhibitor, stigmatellin binding
type (QoSI), CAA= Carboxylic acid amides (CAA) or Amines.
b
k is the number of studies combined to determine the effect size.
c

Hedges’

r

g

was

calculated

#
(&*)+ <4) UT*)+
A(&) <4) UT)#

(&*)+ A &) <6)

for

DSI

as:

𝑔=

Z) – Y
Z *)+
Y
.,--./0

6
, is the pooled standard deviation; 𝑆𝐷5_`

[𝑠:**a#2 =
and

𝑆𝐷_6

are the variances of no-fungicide control (NTC) and fungicide treatments (T),
respectively and 𝑛5_` and 𝑛 _ are the number of NTC and T, respectively (Maher et al.
2017)]. Hedges’s g was interpreted using Cohen’s convention of small (0.2), medium (0.5),
and large (0.8) effects (Cohen 1988).
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d

Statistical significance was expressed in terms of whether the 95% confidence intervals
(CI) around g included zero (Gurevitch and Hedges 1999). The 95% confidence intervals
of g for fungicide groups indicated with asterisk suggested that the overall effect size was
significantly greater than zero.
Table 4.4. Summary table for Hedges’s g to determine the effect of individual
fungicide groups on yield
Fungicide groupa
kb
Hedges’s gc
95% CId
QoI
46
0.41
[0.18; 0.63]*
DMI
7
0.10
[-0.51 0.70]
SDHI
9
0.03
[-0.55; 0.60]
QoI + DMI
4
0.26
[-0.52; 1.04]
DMI + SDHI
2
-0.50
[-1.65; 0.64]
SDHI + QoI
13
0.25
[-0.10; 0.60]
DMI + SDHI + QoI
3
0.94
[0.18; 1.70]*
Others
3
-0.21
[-1.42; 1.01]
a
QoI= Quinone inside inhibitors; DMI= DeMethylation inhibitors; SDHI= Succinate
dehydrogenase inhibitors; Others included Quinone outside inhibitor, stigmatellin binding
type (QoSI), CAA= Carboxylic acid amides (CAA) or Amines.
b
k is the number of studies combined to determine the effect size.
c

Hedges’

r

g

was

calculated

#
(&*)+ <4) UT*)+
A(&) <4) UT)#

(&*)+ A &) <6)

for

yield

as:

𝑔=

Z) – Y
Z *)+
Y
.,--./0

[𝑠:**a#2 =

6
, is the pooled standard deviation; 𝑆𝐷5_`
and 𝑆𝐷_6 are the

variances of no-fungicide control (NTC) and fungicide treatments (T), respectively and
𝑛5_` and 𝑛 _ are the number of NTC and T, respectively (Maher et al. 2017)]. Hedges’s g
was interpreted using Cohen’s convention of small (0.2), medium (0.5), and large (0.8)
effects (Cohen 1988).
d
Statistical significance was expressed in terms of whether the 95% confidence intervals
(CI) around g included zero (Gurevitch and Hedges 1999). The 95% confidence intervals
of g for fungicide groups indicated with asterisk suggested that the overall effect size was
significantly greater than zero.
4.4.4 Effect of moderator variables
For Cohen’s f or Hedges’s g, based on the Χ2 test, the effect of moderator variables
tested in a univariate approach using a general linear mixed-effect model or fixed-effects
model was not significant (p>0.05) for DSI and yield (Tables 4.5 – 4.7), implying that
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fungicide treatments were not affected by types of varieties, year, location, host resistance
or weather parameters over the growing season.
Table 4.5. Results of univariate mixed meta-regression model to examine the effect of
moderator variables on the effect size (Cohen’s f) associated with disease severity
index (DSI) and yield across all fungicide treatments

Moderator
variablea

(DSI – Cohen’s f)
(Yield – Cohen’s f)
Test of
PR2 (amount of
Test of
PR2 (amount of
Moderators value heterogeneity) Moderators value heterogeneity)
(QM)
(QM)
2.83 (df = 6) 0.829
0.00
1.34 (df = 6) 0.969
0.00
1.90 (df = 3) 0.593
0.00
2.22 (df = 3) 0.527
0.00

Year
Location
Host
0.43 (df = 1) 0.511
0.00
resistance
Agronomic
0.09 (df = 1) 0.770
0.00
use
Temperature 0.01 (df = 1) 0.914
0.00
RH
0.11 (df = 1) 0.738
0.00
Precipitation 0.48 (df = 1) 0.486
0.00
Precip-days 0.61 (df = 1) 0.434
0.00
a
Moderator variables were defined in Table 2.

0.27 (df = 1) 0.604

0.00

0.15 (df = 1) 0.697

0.00

0.00 (df = 1)
0.09 (df = 1)
0.04 (df = 1)
0.19 (df = 1)

0.00
0.00
0.00
0.00

0.952
0.763
0.838
0.661

Table 4.6. Results of univariate mixed meta-regression model to examine the effect of
moderator variables on the effect size (Hedges’s g) associated with disease severity
index (DSI) and yield for application of QoI
(DSI – Hedges’s g)
Test of
PR2 (amount of
Moderator
Moderators value heterogeneity)
variablea
(QM)
Year
1.80 (df = 6) 0.937
0.00
Location
1.37 (df = 3) 0.712
0.00
Host resistance
0.27 (df = 1) 0.607
0.00
Agronomic use
0.90 (df = 1) 0.344
0.00
Temperature
0.13 (df = 1) 0.722
0.00
RH
0.63 (df = 1) 0.429
0.00
Precipitation
0.10 (df = 1) 0.748
0.00
Precip-days
0.42 (df = 1) 0.519
0.00
a
Moderator variables were defined in Table 2.

(Yield – Hedges’s g)
Test of
PR2 (amount of
Moderators value heterogeneity)
(QM)
0.02 (df = 6) 1.00
0.00
0.02 (df = 3) 0.999
0.00
0.01 (df = 1) 0.939
0.00
0.00 (df = 1) 0.976
0.00
0.01 (df = 1) 0.942
0.00
0.01 (df = 1) 0.941
0.00
0.00 (df = 1) 0.955
0.00
0.00 (df = 1) 0.986
0.00
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Table 4.7. Results of univariate mixed meta-regression model to examine the effect of
moderator variables on the effect size (Hedges’s g) associated with disease severity
index (DSI) and yield for application of QoI + DMI + SDHI
(DSI – Hedges’s g)
(Yield – Hedges’s g)
2
Test of
PR (amount of
Test of
PR2 (amount of
Moderators value heterogeneity) Moderators value heterogeneity)
(QM)
(QM)
0.01 (df = 1) 0.939
0.00
0.00 (df = 1) 0.985
0.00
0.01 (df = 1) 0.939
0.00
0.00 (df = 1) 0.985
0.00

Moderator
variablea

Year
Agronomic
use
Temperature 0.01 (df = 1) 0.939
0.00
RH
0.01 (df = 1) 0.939
0.00
Precipitation 0.01 (df = 1) 0.939
0.00
Precip-days 0.01 (df = 1) 0.939
0.00
a
Moderator variables were defined in Table 2.
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Figure 4.2. Potential net return ($ ha-1) from a single application of pyraclostrobin ($14.8
ha-1) on commercial oil-type susceptible sunflower hybrids at R1 growth stage across nine
field trials. Net return was calculated as sunflower grain price ($ ha-1= $0.41 kg-1 in 2020
× [yield (kg ha-1) obtained from applying fungicide – yield (kg ha-1) obtained from NTC]
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– [fungicide cost ($ ha-1) + machinery and labor cost for fungicide application ($ ha-1)].
Bars with an asterisk indicate significantly greater yield (α=0.05) from pyraclostrobin
treatment in susceptible hybrids compared with the no-fungicide control (NTC) within the
field trial. Bars with two asterisks indicate significantly lower yield (α=0.05) from
pyraclostrobin treatment in susceptible hybrids compared with the no-fungicide control
(NTC) within the field trial. Trial ID: 09-ND-1 = Langdon, ND (2009), 15-MN-1 = Hazel,
MN (2015), 15-MN-2 = Rothsay, MN (2015), 15-MN-3 = Rothsay, MN (2015), 16-MN-1
= Rothsay, MN (2016), 17-SD-3 = Onida, SD (2017), 20-SD-2 = Brookings, SD (2020),
20-SD-3 = Brookings, SD (2020), 20-SD-4 = Brookings, SD (2020).
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Figure 4.3. Potential net return ($/ha) from a single application of pyraclostrobin ($14.8 ha1

) applied to commercial partially-resistant oil-type sunflower hybrids at R1 growth stage

across five field trials. Net return was calculated as Sunflower grain price ($ ha-1= $0.41
kg-1 in 2020 × [yield (kg ha-1) obtained from applying fungicide – yield (kg ha-1) obtained
from NTC] – [fungicide cost ($ ha-1) + machinery and labor cost for fungicide application
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($ ha-1)]. Bars with an asterisk indicate significantly greater yield (α=0.05) from
pyraclostrobin treatment in partially-resistant hybrids compared with the no-fungicide
control (NTC) within the field trial. Trial ID: 15-MN-4 = Hazel, MN (2015), 15-MN-5 =
Rothsay, MN (2015), 15-MN-6 = Rothsay, MN (2015), 16-MN-2 = Rothsay, MN (2016),
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Figure 4.4. Potential net return ($ ha-1) from a single application of pyraclostrobin ($14.8
ha-1) applied to commercial non-oil type susceptible sunflower hybrids at R1 growth stage
across 20 field trials. Net return was calculated as Sunflower grain price ($ ha-1= $0.58 kg1

in 2020 × [yield (kg ha-1) obtained from applying fungicide – yield (kg ha-1) obtained

from NTC] – [fungicide cost ($ ha-1) + machinery and labor cost for fungicide application
($ ha-1)]. Bars with an asterisk indicate significantly greater yield (α=0.05) from
pyraclostrobin treatment in susceptible hybrids compared with the no-fungicide control
(NTC) within the field trial. Trial ID: 15-NE-1 = Scottsbluff, NE (2015), 15-SD-1 =
Brookings, SD (2015), 15-SD-2 = Highmore, SD (2015), 16-NE-1 = Scottsbluff, NE
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(2016), 16-SD-1 = Highmore, SD (2016), 16-SD-2 = Brookings, SD (2016), 17-NE-1 =
Scottsbluff, NE (2017), 17-SD-1 = Highmore, SD (2017), 17-SD-2 = Brookings, SD
(2017), 18-NE-1 = Scottsbluff, NE (2018), 18-SD-1 = Brookings, SD (2018), 18-SD-2 =
Brookings, SD (2018), 19-SD-1 = Brookings, SD (2019), 19-SD-2 = Brookings, SD
(2019), 19-SD-3 = Brookings, SD (2019), 19-SD-4 = Brookings, SD (2019), 20-NE-1 =
Scottsbluff, NE (2020), 20-NE-2 = Scottsbluff, NE (2020), 20-SD-1 = Brookings, SD
(2020), 20-SD-5 = Brookings, SD (2020).
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Figure 4.5. Potential net return ($ ha-1) from a single application of pyraclostrobin ($14.8
ha-1) applied to commercial non-oil type partially-resistant sunflower hybrids at R1 growth
stage across 12 field trials. Net return was calculated as Sunflower grain price ($ ha-1=
$0.58 kg-1 in 2020) × [yield (kg ha-1) obtained from applying fungicide – yield (kg ha-1)
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obtained from NTC] – [fungicide cost ($ ha-1) + machinery and labor cost for fungicide
application ($ ha-1)]. Trial ID: 15-SD-4 = Brookings, SD (2015), 15-SD-5 = Highmore, SD
(2015), 16-SD-4 = Brookings, SD (2016), 16-SD-3 = Highmore, SD (2016), 16-NE-2 =
Scottsbluff, NE (2016), 17-SD-4 = Highmore, SD (2017), 17-NE-2 = Scottsbluff, NE
(2017), 17-SD-5 = Brookings, SD (2017), 18-NE-2 = Scottsbluff, NE (2018), 18-SD-3 =
Brookings, SD (2018), 19-SD-5 = Brookings, SD (2019), 19-SD-6 = Brookings, SD
(2019).
4.4.5 Probability calculations associated with fungicide applications
Two fungicide groups, QoI and QoI+DMI+SDHI outperformed NTC in all field
trials and was associated with a greater DSI reduction and yield increase. However, the
profitability calculations were performed only for a single application of Headline
[pyraclostrobin (QoI)] considering that this chemical was used more frequently (greater
sample size) than the other fungicides belonging to QoI or QoI+DMI+SDHI fungicide
groups in the field trials.
For pyraclostrobin ($14.8 ha-1), to cover the cost of oil-type sunflower, a yield
increase of 76.4 kg ha-1 (68.2 lb A-1) in ground application or 98.9 kg ha-1 (88.2 lb A-1) in
aerial application was needed according to the 2020 market prices for sunflower (USDANASS 2021). For susceptible hybrids, a positive yield gain was observed in 77.8% of trials
(n=9) and ranged from 121.2 to 944.1 kg ha-1 (108.2 to 842.3 lb A-1). Additionally, the net
return associated with yield gain ranged from $18.5 to $357.7 ha-1 ($7.5 to $144.8 A-1) for
ground application and $9.2 to $348.4 ha-1 ($3.7 to $141.0 A-1) for aerial application
(Figure 4.2). For resistant hybrids, a positive yield was observed for 80% of the trials (n=5)
and ranged from 147.6 to 783.2 kg ha-1 (131.7 to 698.8 lb A-1). Additionally, the net return
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associated with yield gain ranged from $29.4 to $291.4 ha-1 ($11.9 to $117.9 A-1) for
ground application and from $20.1 to $282.1 ha-1 ($8.1 to $114.2 A-1) for aerial application
(Figure 4.3).
For non-oil type sunflower, a yield increase of 54.3 kg ha-1 (48.5 lb A-1) for ground
application or 70.3 kg ha-1 (62.7 lb A-1) for aerial application was needed. For the
susceptible hybrid, a positive yield gain was observed for 75% of trials (n=20) and ranged
from 67.3 to 1353.4 kg ha-1 (60 to 1207.5 lb A-1). For ground application, a positive net
return was observed in 75% of the trials and ranged from $7.5 to $753.2 ha-1 ($3.0 to $304.8
A-1). For aerial application, a positive net return was observed for 65% of the trials and
ranged from $32.4 to $744.0 ha-1 ($13.1 to $301.1 A-1) (Figure 4.4). For resistant hybrids,
a positive yield was observed for 58.3% of the trials (n=12) and ranged from 0.9 to 1028.5
kg ha-1 (0.8 to 917.6 lb A-1). For ground application, a positive net return was observed for
50% of the trials and ranged from $32.7 to $564.8 ha-1 ($13.2 to $228.6 A-1). For aerial
application, a positive net return was observed for 50% of the trials and ranged from $23.4
to $555.6 ha-1 ($9.5 to $224.8 A-1) (Figure 4.5).

4.5 Discussion
Phomopsis stem canker has caused significant yield reductions (≥ 40%) in
sunflower production in the U.S. (Harveson et al. 2016; Mathew et al. 2015), and the need
for disease management is critical. Our statistical analyses using four-parameter logistic
regression model confirm that the yield plateau decreases gradually with increasing DSI
such that a ~ 440 kg ha−1 (~393 lb A-1; loss of ~≥$65 A-1 for oils and ≥ $92 A-1 for nonoils according to the 2020 market price for sunflower as per USDA-NASS 2021) reduction
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in yield may be observed for every ~10% increase in DSI. To identify a management
solution for Phomopsis stem canker, our study used meta-analysis to synthesize
information from foliar fungicide trials conducted in major sunflower-producing U.S.
states (MN, ND, NE, and SD) into results relevant for farmers and agricultural
professionals. Among the six fungicide groups, only QoI and QoI+DMI+SDHI
outperformed NTC in field trials and was associated with a greater DSI reduction and yield
gain. QoI+DMI and QoI+ SDHI were not able to outperform NTC and this might be due
to the differences in the QoI group active ingredients of these premixes. Upon performing
profitability calculations to estimate the breakeven yield and net return associated with the
QoI fungicide treatment (in particular, pyraclostrobin), we observed a positive net return
ranging from $18.5 to $357.7 ha−1 ($7.5 to $144.8 A-1) and from $7.5 to $753.2 ha−1 ($3.0
to $304.8 A-1) for oil-type and non-oil-type, respectively, as per the 2020 market prices for
sunflower for a single application of pyraclostrobin. Overall, this study offers important
information that farmers may consider when managing Phomopsis stem canker with
fungicides.
Yield-loss-assessment models have mostly relied on statistical relationships
between disease intensity (e.g., incidence or severity) and yield (Broscious et al. 1987). As
for Phomopsis stem canker, there are few studies available on the effect of disease on yield
(Debaeke et al. 2003; Pinochet and Estragnat 1996; Penaud et al. 1995; MuntanolaCvetkovic et al. 1989; Acimovic and Straser 1981). For example, in the study by Pinochet
and Estragnat (1996), six commercial hybrids were screened for their susceptibility to D.
helianthi in a replicated field trial (24 plots) in Toulouse, France. For ascospore production
and subsequent release, infected sunflower stalks were spread between the rows of the plots
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and the trial was irrigated for a month between early and mid-reproductive growth stages.
Beginning at flowering growth stage until maturity, disease severity was rated on the stems
using a 0-to-5 rating scale at multiple times and expressed as a percentage of plants
infected. The sunflower heads were hand harvested and correlation analyses were
performed between Phomopsis stem canker symptoms and yield at each rating time. It was
observed that symptom development can vary among hybrids, and yield losses were not
significantly correlated with early disease symptoms. In addition, the data analyses
suggested that for every 10% increase in plants with girdling lesions (i.e., disease
incidence), there may be a yield loss of ~1500 kg ha-1 (1338.27 lb A-1) (Pinochet and
Estragnat 1996). In our study, we analyzed a dataset for disease epidemics that developed
under natural conditions across multiple location-years, hybrids with varying levels of
disease resistance, production practices, and several fungicide products. Additionally,
disease evaluations were performed only once during the growing season in our trials and
thus, DSI data were not available to develop an area under the disease progress curve
(AUDPC) or other integrative variables, which may be a better predictor of yield as
determined in the study by Pinochet and Estragnat (1996). Furthermore, a significant low
correlation was observed between DSI and yield (Pearson’s correlation coefficient= -0.20,
p< 0.001), which indicated that symptoms caused by the species of Diaporthe, which
appear as a complex of pathogens, may be highly variable among plants; or other factors
(abiotic or biotic) may have contributed to yield losses in addition to Phomopsis stem
canker. Based on the overall model fit, we selected the four-parameter logistic model
according to which, for every ~10% increase in DSI, there was a corresponding ~ 440 kg
ha−1 (~393 lb A−1) reduction in yield. Comparing the results from the logistic regression
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analyses with the visual observations in the field trials, our results corroborate the findings
by Debaeke et al. (2003), who demonstrated that early infection and greater proportion of
plants with girdling lesion on the stem or lodging before the crop matures may result from
closure of the canopy at the budding growth stages. Thus, future yield loss models could
possibly be improved by incorporating number and observation of fruiting structures
(perithecia) produced by species of Diaporthe, as well as varying levels of disease severity
that is applicable to different situations (e.g., host resistance, cultural practices, irrigation,
geographic regions, temporal and spatial variation within fields).
Our results suggest that QoI fungicides (FRAC 11) can reduce disease severity,
increase yield, and provide economic benefit when applied at the R1 growth stage of
sunflower. The effect sizes for QoI [DSI (g=-0.47), yield (g= 0.41)] were positive and
significantly different from zero, indicating modest reduction in DSI and yield gains when
compared to NTC. These findings support the studies by Olson (2017) and Tsialtas et al.
(2017) indicating that a single application of QoI fungicide at R1 growth stage can reduce
severity of Phomopsis stem canker. One reason for yield gains from QoI fungicides is that
these chemicals, in comparison with other fungicide classes such as DMI and SDHI, are
associated with a physiological effect (Bartlett et al. 2002), which can prolong the seed
ﬁlling period and increase yield. Another reason may be related to the mode of action of
the QoI fungicides. One causal fungus of Phomopsis stem canker, D. helianthi Munt.Cvetk., Mihaljc. And Petrov, is known to produce toxins, which cause the first signs of
visible disease symptoms in the form of necrotic lesions on the leaves of the sunflower
plants. Before the fungus causes necrosis, the net photosynthetic rate in asymptomatic
leaves can be affected by D. helianthi because of the decline in CO2 assimilation via
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stomata and mesophyll limitations (Desanlis et al. 2012). However, pyraclostrobin (a QoI
fungicide) can cause an effective assimilation of CO2 per N unit (an elevated C/N ratio) in
sunflower based on the study by Tsialtas et al. (2017), in which a split application of the
chemical was used at V6 and R1 growth stages. Considering that the QoI fungicides can
inhibit respiration in a fungus (Mueller et al. 2013), the effective CO2 assimilation from
the chemicals could allow the crops to have a greater photosynthetic functioning, thus
leading to significant yield gains. In addition to QoI alone, our study suggests that fungicide
containing premixes of QoI+DMI+SDHI resulted in greater disease reduction and yield
increase [DSI (g=-0.79), yield (g=0.94)] when compared to NTC. The effect size
corresponding to DSI [(g=-0.79) for QoI+DMI+SDHI and (g=-0.47) for QoI] indicated a
greater nonoverlap for QoI+DMI+SDHI (47.4%, 79th percentile) when compared to QoI
(33.0%, 69th percentile) in the distribution of the fungicide treated and NTC groups.
Likewise, for yield, the effect size [(g=0.94) for QoI+DMI+SDHI and (g=0.41) for QoI]
indicated a greater nonoverlap for QoI+DMI+SDHI (51.6%, 82nd percentile) than that of
QoI (27.4%, 69th percentile) in the distribution of the fungicide treated and NTC groups.
These results are promising since use of fungicides with multiple active ingredients can
help lower the chances of selecting resistant individuals within the fungal population that
cause Phomopsis stem canker when compared to fungicides with a single active ingredient
(such as QoI) (Kandel et al. 2021). At present, fungal populations with QoI resistance have
not been reported among the sunflower fungal pathogens in the U.S. production regions.
From the yield gains observed from QoI fungicide applications, the probability of
obtaining break-even yield and net returns with a single fungicide application can be
achieved with the current fungicide product costs, machinery and labor costs and
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competitive sunflower grain price. In 2020, for the oil-type, the average net return
associated with a single application of pyraclostrobin across the susceptible and partiallyresistant hybrids was $99.6 ha-1 ($40.3 A-1) for ground application and $90.3 ha-1 ($36.5
A-1) for aerial application. For non-oil type, the average net return associated with a single
application of pyraclostrobin across the hybrids was $80.1 ha-1 ($32.4 A-1) for ground
application and $70.9 ha-1 ($28.7 A-1) for aerial application. We anticipate with the
profitable grain prices for sunflower [for instance, from 2018 to 2020, $0.37 to $0.42 kg-1
($16.7 to $19.1 per cwt) for oil-type and $0.50 to $ 0.58 kg-1 ($22.6 to $26.3 per cwt) for
non-oil-type (USDA-NASS 2021)] and the expected yield gain from a single application
of QoI fungicide, that farmers may consider applying fungicides, particularly if their farm
has a history of Phomopsis stem canker and the commercial hybrid they are using has no
resistance to the causal fungi. However, it must be noted that the profitability of yield
responses from commercial fields upon using a single application of QoI fungicide is less
known, and this can depend on the application and fungicide product cost, production
constraints affecting yield and the price of sunflower.
Overall, this study was able to establish that foliar fungicides containing QoI are
effective against Phomopsis stem canker in terms of yield and economic benefit, and
provides information that can help farmers to make decisions for disease control. In
addition, our studies indicate that there are possible differences among products within the
QoI group in their effectiveness against Phomopsis stem canker, and this may be related to
factors associated with the active ingredients (e.g., absorption and degradation by the plant,
mobility properties, chemical concentration; Kleczewski et al. 2020). Furthermore, this
study demonstrated that the types of sunflower varieties, year, location, host resistance or
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weather variables have no significant moderator effect on the effectiveness of fungicides
against Phomopsis stem canker. However, other factors such as canopy closure, spray
coverage, light, and mobility of fungicide active ingredient, which can affect fungicide
efficacy (Kleczewski et al. 2020) should be considered in future studies to determine if the
yield response of sunflower to fungicides is consistently effective in the presence of
Phomopsis stem canker. A major challenge with the dataset of this study was the variability
in DSI and yield response across each trial, which may be typical in a farmer’s farm. The
variability in DSI may be because the distribution of Phomopsis stem canker is aggregated
across the field trial, and disease development is affected by canopy closure at the budding
growth stages and weather variables (90% relative humidity, 20 to 24°C air temperatures
or microclimatic conditions) (Mathew et al. 2018a; Debaeke et al. 2003). Also, the
variability in sunflower yield is a function of Phomopsis stem canker and several other
unquantified factors related to crop and pest management (e.g., tillage, previous crop),
environment, and their interactions. This study used meta-analysis to assess disease
severity reduction and the yield benefit of using foliar fungicides in the presence of
Phomopsis stem canker, but the statistical analyses were confounded by the availability of
limited data (one application timing and rate), unquantified production constraints,
variability among plots because of the natural development of Phomopsis stem canker, no
effect of moderator variables and finding significance because of small sample size
associated with certain fungicide classes. However, given the competitive sunflower grain
prices and low fungicide application costs, our study supports that a farmer would realize
yield gains and a profitable net-return in the presence of Phomopsis stem canker in any
given location-year when a foliar fungicide containing QoI is applied once at R1 growth
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stage. Additional research is needed to understand the efficacy and profitability of various
QoI products against Phomopsis stem canker in the field.
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Location

Langdon, ND
Langdon, ND
Hazel, MN
Rothsay, MN
Rothsay, MN
Hazel, MN
Rothsay, MN
Rothsay, MN
Scottsbluff, NE
Brookings, SD
Highmore, SD
Onida, SD
Brookings, SD
Highmore, SD
Onida, SD
Rothsay, MN
Rothsay, MN
Scottsbluff, NE
Scottsbluff, NE
Highmore, SD
Brookings, SD

Trial IDa

09-ND-1
09-ND-2
15-MN-1
15-MN-2
15-MN-3
15-MN-4
15-MN-5
15-MN-6
15-NE-1
15-SD-1
15-SD-2
15-SD-3
15-SD-4
15-SD-5
15-SD-6
16-MN-1
16-MN-2
16-NE-1
16-NE-2
16-SD-1
16-SD-2

each of the locations

susceptible
susceptible
susceptible
susceptible
susceptible
resistant
resistant
resistant
susceptible
susceptible
susceptible
susceptible
resistant
resistant
resistant
susceptible
resistant
susceptible
resistant
susceptible
susceptible

Host
resistanceb
oil
oil
oil
oil
oil
oil
oil
oil
non-oil
non-oil
non-oil
oil
non-oil
non-oil
oil
oil
oil
non-oil
non-oil
non-oil
non-oil

Agronomic
usec
2053.1
1241.6
1941.5
1957.5
1385.4
2385.5
2263.3
2374.5
1633.8
737.3
738.9
2018.1
1151.6
1785.5
3000.0
1506.5
2090.8
1275.2
2625.1
975.5
921.4

12.82
12.82
17.07
18.82
18.82
17.07
18.82
18.82
20.68
17.89
18.40
18.80
17.89
18.40
18.80
18.76
18.76
21.65
21.65
18.60
17.94

Yield for
NTC
Temperature
(kg ha-1)d
(°C)

Weathere
Relative
Total
humidit precipitation
y (%)
(mm)
73.29
379.0
73.29
379.0
69.27
489.3
61.88
381.2
61.88
381.2
69.27
489.3
61.88
381.2
61.88
381.2
54.25
297.8
74.92
375.2
65.71
36.8
66.42
236.3
74.92
375.2
65.71
36.8
66.42
236.3
62.87
359.6
62.87
359.6
43.18
173.7
43.18
173.7
63.61
44.5
76.84
469.4

Number of days
with ≥ 0. 25 𝑚𝑚
precipitation
48
48
57
55
55
57
55
55
53
37
27
39
37
27
39
58
58
30
30
27
42

variables (temperature, relative humidity, total precipitation, number of days with a minimum of 0.25 mm precipitation) in

Appendix 4.1. List of the location, type of sunflower hybrid (host resistance and agronomic use) by each trial and weather
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Location

Highmore, SD
Brookings, SD
Scottsbluff, NE
Scottsbluff, NE
Highmore, SD
Brookings, SD
Onida, SD
Highmore, SD
Brookings, SD
Onida, SD
Scottsbluff, NE
Scottsbluff, NE
Brookings, SD
Brookings, SD
Brookings, SD
Brookings, SD
Brookings, SD
Brookings, SD
Brookings, SD
Brookings, SD
Brookings, SD
Scottsbluff, NE
Scottsbluff, NE
Brookings, SD
Brookings, SD
Brookings, SD
Brookings, SD

Trial IDa

16-SD-3
16-SD-4
17-NE-1
17-NE-2
17-SD-1
17-SD-2
17-SD-3
17-SD-4
17-SD-5
17-SD-6
18-NE-1
18-NE-2
18-SD-1
18-SD-2
18-SD-3
19-SD-1
19-SD-2
19-SD-3
19-SD-4
19-SD-5
19-SD-6
20-NE-1
20-NE-2
20-SD-1
20-SD-2
20-SD-3
20-SD-4

resistant
resistant
susceptible
resistant
susceptible
susceptible
susceptible
resistant
resistant
resistant
susceptible
resistant
susceptible
susceptible
resistant
susceptible
susceptible
susceptible
susceptible
resistant
resistant
susceptible
susceptible
susceptible
susceptible
susceptible
susceptible

Host
resistanceb
non-oil
non-oil
non-oil
non-oil
non-oil
non-oil
oil
non-oil
non-oil
oil
non-oil
non-oil
non-oil
non-oil
non-oil
non-oil
non-oil
non-oil
non-oil
non-oil
non-oil
non-oil
non-oil
non-oil
oil
oil
oil

Agronomic
usec
2636.3
1131.4
24.2
310.0
1516.3
1888.9
1629.8
1424.6
1685.9
1529.1
2102.9
2914.5
1967.9
1643.5
1225.7
785.6
1367.3
1490.3
1382.9
1558.0
1926.3
4232.1
2561.8
2231.4
2477.3
2477.3
2378.2

Yield for
NTC
(kg ha-1)d
18.60
17.94
20.14
20.14
17.78
17.29
18.12
17.78
17.29
18.12
18.01
18.01
17.15
17.15
17.15
16.66
16.66
16.66
16.66
16.66
16.66
18.01
18.01
17.45
17.45
17.45
17.45

Temperature
(°C)

Weathere
Relative
Total
humidity precipitation
(%)
(mm)
63.61
44.5
76.84
469.4
49.18
198.7
49.18
198.7
60.36
73.7
73.90
442.5
61.24
276.1
60.36
73.7
73.90
442.5
61.24
276.1
61.04
156.9
61.04
156.9
76.32
567.4
76.32
567.4
76.32
567.4
77.06
527.6
77.06
527.6
77.06
527.6
77.06
527.6
77.06
527.6
77.06
527.6
49.71
92.8
49.71
92.8
70.25
271.8
70.25
271.8
70.25
271.8
70.25
271.8

Number of days
with ≥ 0. 25 𝑚𝑚
precipitation
27
42
55
55
27
43
39
27
43
39
46
46
44
44
44
58
58
58
58
58
58
22
22
34
34
34
34
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Location

Host
resistanceb

Agronomic
usec

Yield for
NTC
(kg ha-1)d

Weathere
Temperature Relative
Total
Number of days
(°C)
humidity precipitation with ≥ 0. 25 𝑚𝑚
(%)
(mm)
precipitation
20-SD-5 Brookings, SD
susceptible
non-oil
2264.8
17.45
70.25
271.8
34
a
Field trials conducted in Minnesota, Nebraska, North Dakota, and South Dakota in 2009, 2015, 2016, 2017, 2018, 2019 and 2020.
These trials were planted as per the farmer’s calendar for planting and harvesting sunflower, which for North Dakota is typically between
May and October; and for Minnesota, Nebraska and South Dakota is between June and October.
b
Susceptible= hybrids susceptible to the causal fungi of Phomopsis stem canker; Partially-resistant = hybrids that are moderately
susceptible or partially-resistant to the causal fungi of Phomopsis stem canker
c
Between the oil and non-oil types, the oil types are used for production of sunflower seed oil and non-oil types are for human snack
and bird feed.
d
Average yield in non-treated control (NTC).
e
Weather parameters downloaded from Mesonet (mesonet.sdstate.edu), NDAWN (https://ndawn.ndsu.nodak.edu) and High Plains
Climate Center
(https://hprcc.unl.edu/). Temperature = average temperature across the growing season, relative humidity = average relative humidity,
total precipitation, number of days with precipitation (at least 0.25 mm) from May to October (North Dakota) and June to October
(Minnesota, Nebraska and South Dakota).

Trial IDa
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Appendix 4.2. List of all fungicide products used in this study conducted in
Minnesota, Nebraska, North Dakota, South Dakota in 2009 and between 2015 and
2020
Common name

Trade namea

Mode of
actionb

FRAC
group

Picoxystrobin

Aproach

QoI

11

Pyraclostrobin

Headline

QoI

11

Azoxystrobin

Quadris

QoI

11

Kresoxim-Methyl
Tebuconazole

Sovran
Folicur

QoI
DMI

11
3

Prothioconazole
Mefentrifluconazole
Metconazole
Boscalid

Proline
Provysol
Quash
Endura

DMI
DMI
DMI
SDHI

3
3
3
7

Pydiflumetofen
Cyproconazole +
Picoxystrobin
Mefentrifluconazole
+ Pyraclostrobin
Tetraconazole +
Fluxastrobin
Bixafen + Flutriafol

Miravis
Aproach Prima

7
3+11

Fluopyram +
Tebuconazole
Fluxapyroxad +
Pyraclostrobin
Mefentrifluconazole
+ Fluxapyroxad +
Pyraclostrobin
Propiconazole +
Benzovindiflupyr +
Azoxystrobin
Ametoctradin +
Dimethomorph

Luna
Experience
Priaxor

SDHI
QoI +
DMI
QoI +
DMI
QoI +
DMI
DMI +
SDHI
DMI +
SDHI
SDHI +
QoI
DMI +
SDHI +
QoI
DMI +
SDHI +
QoI
QoSI +
CAA

Veltyma
Zolera
Lucento

Revytek
Trivapo
Zampro

Years tested

Number of
trials with the
fungicide
2015, 16, 17,
14
18, 19
2009, 15, 16,
42
17, 18, 19,
20
2009, 15, 16,
15
17, 18, 19
2019
1
2009, 15, 16,
7
18, 20
2009
1
2020
1
2009
1
2009, 15, 16,
6
20
2018, 19, 20
3
2019, 20
2

3+11

2020

2

11 + 3

2019

1

3+7

2019

1

7+3

2018, 19

2

7 + 11

2015, 17, 18,
19, 20
2020

13

3+7+
11

2019, 20

2

45 +
40

2018

1

3+7+
11

1
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a

Common name

Trade namea

Mode of
actionb

FRAC
group

Years tested

Dimethomorph
Fenpropimorph

Forum
Fenpropimorph

CAA
Amines

40
5

2018
2009

Number of
trials with the
fungicide
1
2

Aproach (Picoxystrobin; DuPont, Chestnut Run Plaza, Wilmington, DE), Headline
(Pyraclostrobin; BASF Corporation, Research Triangle Park, NC), Quadris (Azoxystrobin;
Syngenta Crop Protection, LLC, Greensboro, NC), Sovran (Kresoxim-Methyl; BASF
Corporation), Folicur (Tebuconazole; Bayer CropScience, Research Triangle Park, NC),
Proline (Prothioconazole; Bayer CropScience), Provysol (Mefentrifluconazole; BASF
Corporation), Quash (Metconazole; Valent U.S.A. Corporation, Walnut Creek, CA),
Endura (Boscalid; BASF Corporation), Miravis (Pydiflumetofen; Syngenta Crop
Protection), Aproach Prima (Picoxystrobin and Cyproconazole; DuPont), Veltyma
(Mefentrifluconazole and Pyraclostrobin; BASF Corporation), Zolera (Tetraconazole and
Fluxastrobin; Arysta LifeScience North America, LLC. Cary, NC), Lucento (Bixafen and
Flutriafol; FMC Corporation, Philadelphia, PA), Luna Experience (Fluopyram and
Tebuconazole; Bayer CropScience), Priaxor (Fluxapyroxad and Pyraclostrobin; BASF
Corporation), Revytek (Mefentrifluconazole, Fluxapyroxad and Pyraclostrobin; BASF
Corporation), Trivapro (Propiconazole, Benzovindiflupyr and Azoxystrobin; Syngenta
Crop Protection), Zampro (Ametoctradin and Dimethomorph; BASF Corporation), Forum
(Dimethomorph; BASF Corporation), and Fenpropimorph (Fenpropimorph; BASF
Corporation).
b
QoI= Quinone inside inhibitors; DMI= DeMethylation inhibitors; SDHI= Succinate
dehydrogenase inhibitors; Others included Quinone outside inhibitor, stigmatellin binding
type (QoSI), CAA= Carboxylic acid amides (CAA) or Amines.

151

GENERAL CONCLUSIONS AND RECOMMENDATIONS

Considering the importance of Phomopsis stem canker (PSC) in sunflower, field
trials were conducted from 2019 to 2021 at Nebraska, North Dakota, and South Dakota.
Specific objectives of the studies were to (1) study the diversity of endophytic fungi and
association of endophytic Diaporthe with weather variables; (2) assess the effect of QoI
fungicide on endophytic fungal community in sunflower; and (3) assess fungicides for
management of PSC in sunflower and profitability of fungicide application.
Field trials were conducted in Nebraska, North Dakota, and South Dakota from
2019 to 2021 to determine the presence of endophytic Diaporthe in asymptomatic
sunflower plants at different growth stages. From V2-V4 (two to four true leaf) growth
stage to flowering stage, stem samples were collected, and endophytic fungi were identified
using the culture-dependent characterization method. A total of 2141 fungal isolates
belonging to 17 genera were recovered. Using the most frequent genera, Alternaria,
relative importance for Fusarium and Diaporthe were calculated as 40.53% and 6.31%,
respectively. Four species of Diaporthe, i.e., D. helianthi, D. gulyae, D. longicolla and D.
caulivora were identified as being present from early vegetative to flowering stage of
sunflower.
Pathogenicity of randomly selected endophytic isolates of D. helianthi, D. gulyae,
D. longicolla and D. caulivora on a susceptible sunflower hybrid revealed that isolates of
these organisms varied in aggressiveness to cause the PSC in sunflower. A significant
interaction effect was observed for isolates and inoculation method on D. helianthi (ATS
= 4.6; df = 1; p = 0.03) and D. gulyae (ATS = 6.1; df = 1; p = 0.01). Isolates of D. gulyae
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varied in RTE in mycelium contact method but not in stem wound method. Isolate DIA178 of D. helianthi and both isolates of D. gulyae (DIA-190 and DIA-205) had significantly
lower RTE in mycelium contact method than the stem wound method. There was no
significant interaction effect for isolates and inoculation method on RTE on D. longicolla
(ATS = 0.009; df = 1; p = 0.93) and D. caulivora (ATS = 1.32; df = 1; p = 0.25). However,
isolation method had significant effect on RTE for D. longicolla (ATS = 48.38; df = 1; p =
3.5 × 10-12) and D. caulivora (ATS = 88.06; df = 1; p = 6.3 × 10-21) where stem wound
method had significantly higher RTE than the mycelium contact method. Re-isolation of
D. helianthi and D. gulyae from stem tissue 12.7 cm above inoculation point proved that
these organisms can cause PSC under favorable conditions. Although we were able to
observe stem discoloration, we could not re-isolate the fungi and complete Koch’s
postulates for D. longicolla in both inoculation methods and D. caulivora in mycelium
contact method, thus, implying that these species may not be pathogenic on sunflower.
Analysis of weather variables (temperature, RH, precipitation) as predictors with
the prevalence of endophytic Diaporthe as response variable using a binary logistic
regression model revealed that precipitation days during the 30 days prior to sampling
showed significant association with the presence of endophytic Diaporthe in sunflower.
Frequent precipitation during the reproductive stage of sunflower also favors Phomopsis
stem canker development in sunflower.
Our study from 2019 to 2021 to test the effect of foliar application of a quinone
outside inhibitor (QoI) fungicide at R1 (miniature floral bud initiation) growth stage of
sunflower on diversity of endophytic fungi indicated that application of pyraclostrobin did
not show significant effect on prevalence of Alternaria, Fusarium and Diaporthe. This
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result indicated that prophylactic application of pyraclostrobin, which is translaminar and
locally systemic, may not be beneficial in reducing the incidence of endophytic (latent
pathogen) fungi in plants and farmers should think carefully before prophylactic
application of QoI fungicide on sunflower in the absence of foliar diseases.
A meta-analysis of PSC severity index (DSI) and yield of 49 field trials revealed
that fungicide application has significant effect in overall DSI decrease and yield increase
in sunflower. Among the fungicides from different FRAC groups, quinone outside
inhibitors (QoI) and premix of demethylation inhibitors (DMI), succinate dehydrogenase
inhibitors (SDHI) and QoI were effective in significantly reducing DSI and increasing
grain yield over NTC. Although DMI, SDHI or their combination with other groups are
also used in sunflower for foliar disease control, in our study, they did not outperform NTC
in PSC reduction and yield increase. Among the QoI fungicides used in the studies,
pyraclostrobin was the most frequently used fungicide among the 91.3% trials (out of 46)
and a single application of this fungicide at R1 growth stage resulted in yield gain over
NTC for 78.6% of trials in oil-type where yield gain ranged from 121.2 to 944.1 kg ha-1
(108.2 to 842.3 lb A-1). Similarly in non-oils, yield gain observed in 68.8% of trials with
yield gain ranging from 0.9 to 1353.4 kg ha-1 (0.8 to 1207.5 lb A-1). Using the grain price
of sunflower and cost of fungicide application during 2020, estimated net return for a single
ground application of pyraclostrobin fungicide at R1 growth stage was $80.1 ha-1 for the
non-oil type and $99.6 ha-1 for the oil-type sunflower hybrids.
In conclusion, species of Diaporthe (D. helianthi, D. gulyae, D. longicolla and D.
caulivora) live endophytically in sunflower from vegetative to reproductive growth stage.
Among them, D. helianthi and D. gulyae have potential to cause PSC under favorable
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environment. Although we observed stem discoloration at/around inoculation point for D.
longicolla and D. caulivora, we were not able to reisolate the fungi 12.7 cm above the
inoculation point in mycelial contact method. Our study further suggests monitoring the
pathogenicity of these species in sunflower as these species are important pathogens in
soybean. However, to manage Phomopsis stem canker, our study demonstrated that
application of foliar QoI fungicide at R1 growth stage of sunflower can lead to significant
DSI reduction and yield gains. For future studies, we recommend evaluating active
ingredients within the QoI group in reducing Phomopsis stem canker and increasing yield
and develop fungicide recommendations for farmers in the sunflower producing areas of
the U.S.

